Optimising Conditions For DEP-Based Tissue Engineering. by Abdallat, Rula Ghaleb.
^  UNIVERSITY OFm SURREY
“Optimising conditions for DEP-based tissue engineering”
By
Rula Ghaleb Abdallat
A thesis submitted in partial fulfilment for the degree of 
Doctor of Philosophy 
In the
Faculty of Engineering and Physical Sciences 
Centre for Biomedical Engineering
July 2012 
© Rula Abdallat 2012
ProQuest Number: 27558189
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 27558189
Published by ProQuest LLO (2019). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346
Abstract
Spatial patterning of eells is of great importance in tissue engineering and 
biotechnology, as it enables the creation of histoarehiteetures of eells and cell 
aggregates for in vitro high throughput toxicologieal and therapeutic studies within 
3-dimensional environments. Using dielectrophoresis, homogeneous cells suspended 
in polyethylene glycol diacrylate polymer solution were patterned with repulsive 
dielectrophoretic forces, generating cell aggregates within a microarray formatted 
dielectrophoretic system. 2,2-Dimethoxy-2-phenylaeetophenone photoinitiator, at 
low concentrations, initiated PEG-diacrylate crosslinking through a uniform near-UV 
(peak = 350nm) irradiation of the miero-system within a compact, purpose built 
portable UV light-box for dieleetrophoresis experimentation. The rate of induced cell 
aggregation over 5 minutes was observed to decrease with increasing PEG-diacrylate 
polymer concentration, while hydrogel water content remained high(>70%) at PEG- 
diaerylate concentrations up to 30%. These optimised conditions for rapid 
dielectrophoretic cell patterning low UV exposure times within the dedicated system 
and ease of hydrogel peelability were applied to yeast and human leukaemia and 
cervical cancer cell aggregates which showed 90% cell viability after one week 
which is significantly better than those published in previous studies. Drug testing 
study using vinblastine chemo-therapeutic agent showed that the optimised system of 
representing cells in 3D showed different IC50 graphs compared to results obtained 
from cells in 2D monolayer indicating the effect of cell-cell interactions. It was noted 
that the results obtained from monolayers and aggregates were widely apart for all 
concentrations at all time points studied. Compared to constructing aggregates 
formed spontaneously or by culturing them on treated surfaces, our system represents 
a structure more like the original tissue in terms of having a polymer surrounding 
eells, which serves as a barrier that can represent blood (growth medium with 
dissolved drug) and extracellular matrix (hydrogel).This work demonstrates the use 
of this optimised system in cell, drug and tissue engineering studies; the system is 
easy to use, mimic cells in their natural tissue and it maintain high cell survival.
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^Introduction ^
Chanter One: Introduction Rula Ahdallat
1.1 Background
Organ failure and degeneration are among the main causes of death worldwide. 
Patients who suffer from the loss or failure of an organ or tissue due to diseases or 
accidents can sometimes be treated by transplantation, surgical reconstruction and 
mechanical substitutes.
However, this approach is limited by the increased number of patients needing 
transplantation and the shortage in donor numbers [1] while other solutions (e.g. 
Kidney dialysis) remain imperfect [2]. As a result, another approach has to be found 
in order to overcome the problem of donor shortage. Tissue engineering has been 
raised as a potential solution for organ degeneration; it is a multidisciplinary field 
that combines engineering and biology techniques to fabricate organs and tissues that 
could substitute the original diseased parts [3], allowing the construction of 
structures that replicate the original defective tissue. Hence, the biomaterials used 
must meet several specific criteria, which include holding cells in place, and at the 
same time not causing them harm.
Hydrogels have been introduced in tissue engineering applications due to their 
biocompatibility, ease of manufacturing methods, wide range of constituents and 
their desirable characteristics. They have been used as scaffolds as they mimic to a 
certain extent the extracellular matrix (ECM) found in the original tissue [4]. They 
are hydrophilic polymeric materials that contain high water content, which can either 
be natural such as collagen, or synthetic as in polyethylene glycol (PEG) [5]. As with 
any biomaterial, the choice between natural and synthetic hydrogels is function and 
property specific, though biocompatibility issues such as immunogenic responses to 
animal derived hydrogels, tends to favour the use of synthetic hydrogels in biological 
applications [6]. Other advantages of synthetic over natural hydrogels for tailor 
specific applications include photopolymerisation, adjustable chemical composition 
which influences the mechanical properties (e.g., brittleness, scaffold arrangement) 
and mass transfer properties (e.g., diffusion of nutrient and metabolic waste) [7-10].
In 1960, Whichterle and Lim [11] synthesised soft contact lenses from poly(2- 
hydroxyethyl methacrylate) (pHEMA), paving the way for different hydrogels to be 
used in a range of other applications in the pharmaceutical and biomedical industries, 
such as space filling agents [12], drug delivery systems [13], in biosensing [8] and in
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studies that aim to look at cell-cell interactions as would be seen in vivo; this is done 
by encapsulating cells and trapping them in a hydrogel [14].
A commonly used synthetic polymer in medicine and tissue engineering applications 
is polyethylene glycol (PEG). The functional hydroxyl end groups of the PEG 
macromer are converted to the functional group acrylate, giving PEG-diacrylate 
(PEG-DA). This macromolecular precursor is usually crosslinked using UV 
irradiation, at physiological temperature and pH, to form hydrogel scaffolds in situ. 
Important factors in this hydrogel formation process are the type and concentration 
of photoinitiator, length of UV exposure time and the macromolecule chain length 
and composition [7, 15]. PEG-DA microspheres have been investigated for cell 
transplantation (e.g., islet of Langerhans), where immunoisolating encapsulated cells 
provided good diffusion properties for waste and nutrients for prolonged periods 
based on thin layered hydrogels [16].
Current cell-based in vitro studies are unreliable and non-predictive in a clinical 
setting, mainly because they use 2D monolayer models [17] or because of ethical 
concerns when using animals (3D models); using 2D models and animal models does 
not represent human tissue models [18]. A very common technique used is self 
assembled monolayer (SAM), which is considered to be complex as it requires 
chemical pre-treatment of the patterning surface (e.g. fibronectin or any other 
adhering protein), expensive and seeds the cells in 2D, which would not replicate in 
vivo microenvironment [19].
Many studies have looked at the ability to generate complex three dimensional (3D) 
matrices capable of interactions as would be seen in vivo. These microstructures, 
once formed, are of tremendous benefit in localised culturing and high throughput 
drug screening needed in the pharmaceutical industry, where assays such as drug 
binding, apoptosis, proliferation and cytotoxicity can be monitored in real time.
One such technology which shows great potential in generating discrete 3D 
microenvironments within microengineered systems is Dieleetrophoresis (DEP). 
DEP was first discovered by Herbert Pohl in 1951 and defined as the force generated 
by an inhomogeneous electric field that can be used to move polarisable particles 
[20]. It is considered to be an attractive and inexpensive way of manipulating cells in 
micro-systems, without deleterious effects to the cell [21]. When a cell (or other 
particle) is placed in an AC non-uniform electric field, the positive and negative
Chanter One: Introduction Rula Abdallat
charges within are separated and aligned to create a dipole. The interaction between 
the dipole and the field non-uniformity generates an imbalance of Coulomb charges 
at the cell-medium interface resulting in a net force on the cell [22]. DEP is 
performed using electrodes which generate non-uniform electric fields that will cause 
cell movement. Such electrodes have different designs, small dimensions (tens to 
hundreds of microns), and are mainly manufactured using a technique called 
photolithography [23]. The electric field generated will create a dipole in the 
particles; the magnitude and orientation of the created dipole depends on the electric 
properties of the cells and the medium, as well as the magnitude and the frequency of 
the electric field applied across the electrodes [24]. DEP is divided into two main 
phenomena; positive Dieleetrophoresis (pDEP) and negative Dieleetrophoresis 
(nDEP). pDEP is where the dipole is attracted to the region of highest electric field 
intensity (electrode edges), whereas nDEP repels the dipole away to low electric field 
intensities. Dieleetrophoresis is extremely versatile and has been investigated for 
processes such as electrophysiology of biological paticles [25, 26]; microfluidic 
operations including separation of heterogeneous populations of cells [27], pre­
concentration of biological material from environmental material [28] and cell 
patterning [29].
The use of DEP force for patterning cells has not been widely studied as the effect of 
DEP forces is temporary and would disappear once the electric field is switched off; 
hence, an immobilisation step was needed to keep the cells in their patterned 
position. Immobilisation techniques included the use of crosslinking agents [30], 
trapping cells in micro wells [14], incorporation of cell adhesive proteins [31] and by 
encapsulating them in hydrogel [32]. PEG hydrogels and agarose have been found to 
be the most preferable types to be used in combination with pDEP. Nevertheless, 
such approaches have not yet been translated into a usable application as the 
conditions used were not suitable for survival of mammalian cells. This can be 
achieved by optimising conditions where hydrogels can be incorporated with DEP in 
a way that supports cell survival, allowing a systematic protocol to be developed that 
can be used on a variety of cell types and allowing further cell studies (e.g. drug 
testing). This hopefully will allow overcoming the problems aforementioned and 
open a way for more accurate and near- real models for cell based arrays and tissue 
engineering applications.
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1.2 Thesis objectives
The main aim of this thesis is to develop a systematic approach for the use of PEG 
hydrogels and nDEP to improve their accuracy in cell and tissue engineering studies, 
using a novel set of dot electrodes proposed by Fatoyinbo et.al [33]. The system 
proposed must be easy to deal with, present cells in a near-like normal environment 
and support cell survival.
This system was performed by optimising a protocol that enables using DEP and 
PEG hydrogels to pattern and immobilize cells, while causing minimal harm to the 
cells in terms of minimizing electric field effects, polymerisation effects, and keeping 
a high water content in gels similar to that found in the original environment of cells. 
The optimised system was then tested on mammalian cell lines to ensure that the 
system maintained a high survival rate for cells, whilst keeping a high level of 
sterilization using a built in-house UV irradiating DEP box that enabled performing 
the experiments with high level of sterility. A drug study was also carried out to 
investigate whether there is a difference in outputs between results obtained with 
conventional approaches used and cells in aggregates.
1.3 Thesis Structure
The thesis presented here includes a summarizing literature review (Chapter two) 
describing topics related to the project, which includes an outlook on cells and their 
relation to cancer and drugs effect on cells, tissue engineering, polymers and 
hydrogels; their applications and most common types used in tissue engineering and 
finally dieleetrophoresis; theory and applications. A description of the development 
of the optimising protocol for using nDEP and PEG hydrogels in cell patterning and 
all the tests undertaken to finalise the optimum conditions is given in Chapter three. 
Chapter Four continues with a description for the studies undertaken to test the 
optimised protocol on mammalian cell lines including the use of a built in-house UV 
irradiating DEP box for mammalian cell types. Chapter five describes the drug study 
undertaken to show the difference between drug effects on cells in 2D and 3D 
aggregates and finally Chapter six will include a conclusive summary and future 
work recommendations.
Chapter Two 
^Literature review^
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2.1 Introduction
This chapter presents the basic background knowledge that is related to the main 
aspects of the project. The main aspects of this project cover the optimisation to use 
DEP and hydrogels in patterning and encapsulation, test the patterning encapsulation 
protocol on mammalian cells and finally apply the optimised system on drug testing 
study.
The background review starts by defining cells; describe types of cells, cancer and 
how drugs affect cells on the molecular level. Next, a description of tissue 
engineering and previous cell patterning methods, polymers and hydrogels is given 
along with the relevant literature that consist of the design parameters, and common 
hydrogels used in medicine. Finally, dieleetrophoresis is described with all the 
relevant topics of it, including definition, theory, electrode geometry and 
applications.
2.2 Cells
The cell is the smallest structural and functional unit among living organisms. It was 
first discovered in 1665 by Robert Hooke who compared plant cells he was 
observing under a magnifying lens to the blocks of the room he was sitting in, as 
mentioned in his book Micrographia [34]. Cells can be seen as a small factory that 
takes in nutrients, converts them into energy and uses that energy to perform 
specialized functions coded by a set of instructions (i.e. Deoxyribonucleic acid 
(DNA)) [34, 35].
Cells in general are composed of a membrane that separates cell components from 
the outside environment, a cytoplasm in which all the reactions occur and specialised 
materials are synthesised, and a genomic material which contains the instructions 
that the cell uses to perform its functions [35].
Cells are divided into two main classes, prokaryotic cells and eukaryotic cells (Figure 
2.1) according to whether they contain complex structures or not.
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Figure 2.1:The basic structure of a prokaryotic cell (right) and eukaryotic cell (left) [36]
2.2.1 Prokaryotic cells
These include all types of bacterial cells. The most unique characteristic for this class 
of cells is that the nucleus is absent, and the genomic material floats freely in the 
cytoplasm. The structure of a typical prokaryotic cell is composed of a rigid cell 
wall, followed by a plasma membrane, which acts as a barrier and transport regulator 
between the cell and the outside environment and a cytoplasm which is the site 
where most cellular reactions take place [34, 35].
2.2.2 Eukaryotic cells
Unlike prokaryotic cells, eukaryotic cells contain a nucleus which holds the genomic 
material. Such cells are typically larger than prokaryotes, and have a wider variety of 
cytoplasmic organelles and a cytoskeleton compared to the other class of cells. This 
type of cell is divided into subclasses such as animal cells, plant cells and fungi; 
which differ in the organelles in the cytoplasm. However, all eukaryotic cells have a 
plasma membrane, a cytoplasm and a nucleus [34, 35].
The plasma membrane acts as a bamer that separates the cell inner environment from 
the external environment. It also regulates by permitting or assisting the transport of 
nutrients and substances into and out of the cytoplasm. The plasma membrane is 
made up of a phospholipid bilayer, the phosphate groups make the head groups, they 
are hydrophilic and they are in contact with the cell internal and external 
environment while the lipid tails are hydrophobic, and so the membrane nature 
restricts the permeability of substances trying to move across it except water, 
oxygen, hydrophobic molecules and carbon dioxide. Ion channels scattered across
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the membrane assist in the selective transport of ions and other larger molecules that 
cannot pass across the membrane through diffusion. The nucleus is a structure that 
stores the genetic material known as deoxyribonucleic acid (DNA); it is also 
responsible for controlling cellular structures and activities, and ribosome synthesis. 
Finally, the cytoplasm consists of all the cellular contents between the plasma 
membrane and the nucleus. It is made of two parts, the cytosol and the organelles. 
The cytosol is the fluid part that suspends the organelles within. Organelles include 
structures such as ribosomes, Golgi complex, endoplasmic reticulum, lysosomes, 
mitochondria and the cytoskeleton [34, 35].
2.2.3 Cell Division and cell death
Cell division cycle, also called cell cycle represents those series of events that a cell 
undergoes leading it to produce two identical daughter cells. These series of 
integrated events include the cell to grow, duplicate its genomic material and then 
divide into to identical cells [37]. Microscopic observations indicate that the cell 
cycle is divided into two main phases: Mitosis and Interphase (Figure 2.2). Mitosis 
relates to the cellular component isolation, distribution of daughter chromosomes, 
nuclear division, and cytoplasmic division (the final division of a cell into two new 
daughter cells). This phase is the dynamic part of the cell cycle and usually takes 
about an hour for a typical mammalian cell. The rest of the cell cycle time span, 
which is approximately 95% of cell cycle time span, is spent in interphase, which is 
the interval between two mitotic events. Mitosis phases include prophase, 
prometaphase, metaphase, anaphase and telophase (Figure 2.3) [37]. In prophase, 
the two DNA molecules divide gradually and condense into stiff and compact rod 
pairs called sister chromatids. The nuclear envelope is broken down and mitotic 
spindles formation starts. Prometaphase acts as a transition phase where the sister 
chromatids align at the centre of the cell. Over metaphase, these sister chromatids 
align with the mitotic spindle equator. At the beginning of anaphase, the sister 
chromatids union starts to destruct and they separate to opposite poles of the cell. 
After that, in telophase, the spindle is disassembled and the separated chromosomes 
are packed into two nuclei which results into the physical division (daughter cells).
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Figure2.3: Mitosis stages [39]
Cells would also undergo what is called cell death; this process is controlled by an 
intracellular program. Cell death happens as part of maintaining an organism’s 
homeostasis, or as a reaction from the body when anything interferes with the cell’s 
ability to divide, use of energy or integrity; which could happen due to chemical, 
physical and infectious agents. Abnormalities could appear when cells are killed 
when they are not meant to (e.g. neurodegeneration) or when failing to kill cells that 
are generated in excess (i.e. cancer).
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2.2.4 Cancer
Cancer is defined as the abnormal growth and the uncontrolled division of cells. The 
result of any abnormal growth of cells is called a tumour, which can be divided into 
two types, malignant and benign. The difference between them is their ability to 
undergo metastasis or not respectively. Metastasis is the ability of cells to spread to 
other places in the body by reaching the blood stream, and so a tumour is not 
considered to be cancerous if it doesn’t undergo metastasis [35].
Cancer can develop in any type of tissues but there are some common types as in 
lung cancer, breast cancer, colon cancer, skin cancer and leukaemia.
Cancer can be induced by many factors which cause DNA mutations, such as UV 
light, tobacco, certain foods that contain some carcinogenic materials, radiation and 
exposure to chemical agents [40]. Once cancer is diagnosed, it can be managed by 
different methods such as surgery, chemotherapy, and radiation therapy. The 
treatment type depends on the type, location and grade of cancer as well as the 
patients’ health and wishes.
2.2.5 Drug action on cells
A drug is defined to be any chemical other than food that affects living processes. It 
is typically a medical agent that is used for treatment of a deficiency or an excess in a 
critical biochemical activity, invasion of foreign organism that produces toxic 
substances, or an uncontrolled cell growth. Drugs can be divided into two main 
categories; agonists which stimulate a certain process and antagonists which inhibit 
processes from occurring in the body. On the molecular scale, drugs can cause action 
by several ways. They can act on cell receptors, cell carriers, ion channels and 
enzymes or interacts with the DNA of cell.
Receptors are proteins found inside the cell or on the cell membrane. They receive, 
and selectively bind to specific chemical substrates to initiate certain responses (e.g. 
neurotransmitter receptor). Receptors can be found connecting to ion channels, 
enzymes, or found in cytoplasm and on the nucleus membrane (the last two types 
have a role in gene transcription) [37]. The role of receptors connected to ion 
channels is to regulate when the channel opens and closes; the drug can either 
stimulate the channel to open and allows the ions to flow, or it can inhibit the binding 
of the chemical modulator and so keeps the channel blocked. Drugs can also affect
11
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gene transeription by affecting the nuclear receptors responsible for mediating a 
signal to the nucleus to transcript a gene responsible for making a certain product in 
the cell. They can also interact with the DNA of the cell and inhibit the nucleic acid 
biosynthesis and function.
Enzymes are proteins that assist a chemical reaction to happen; this chemical 
reaction allows a specific intracellular pathway to continue. Stimulating a receptor 
linked to enzymes allows bringing the reaction components together and initiating 
the chemical reaction between them while inhibiting it would stop the whole 
pathway from being processed.
Carriers in the body are divided into two types; either transporters which transport 
certain ions in the body by conformational change in their shape, or Adenosine 
triphosphate ATP-powered ion channels which consume energy to transport ions 
[37]. Drugs can inhibit the action of these carriers by binding to the binding sites of 
ions.
Ion channels are inhibited in the same way, by the drug binding to the active site that 
is responsible for activating the pump. Enzymes are inhibited from functioning by 
the drug binding to the active site of the enzyme instead of the molecular substrate. 
Figure 2.4 shows a schematic of how agonist and antagonists drugs work in the 
human body.
Agonists and Antagonists
Agonists Dmge ttiat occupy receptors and activate them.
Antagonists Drugs that c^cupy receptors but do not activate them.
Antagonists block receptor activation by agonists.
Agonist alone
»
Full activai, on
Agonist + antagonist
L ess act.vaticr-it
Antagonist alone
No actr.'Htiun
Figure2.4: The action of drugs in the human body [41]
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2.2.5.1 Vinblastine chemotherapic drug
Vinblastine is a drug used to treat many types of cancer. It is a vinca alkaloid 
antagonist drug that aims to inhibit mitosis or cell division, the chemical structure of 
vinblastine is shown in Figure 2.5. Mitosis is the process where a eukaryotic cell 
divides its nucleus and chromosome to produce two daughter cells; this process 
includes certain phases that contain a phase where structures called microtubules 
(mitotic spindles) are made in order to separate chromosomes and pulls them towards 
opposite ends of the cell (Figure 2.6). This drug works by binding to tubulin which is 
a protein that is essential for making microtubules. By binding to this protein the 
whole process of making microtubules is inhibited and the cells will not be able to 
divide causing mitotic arrest which results in multinucleated cells that leads to cell 
death [42].
OH
HaC HO '/= 0
HO" "OH
Figure2.5:The chemical structure of Vinblastine sulphate salt [43]
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I
Figure 2.6: Metaphase; one of Mitosis phase showing the mitotic spindles connecting to 
chromosomes (the arrow represent the mitotic spindle formed from a protein called tnbnlin)
[441
2.2.6 Tissue engineering (TE)
The loss or failure of tissues (assemblies of cells) (Figure 2.7), and organs (a group 
of multiple tissues joined together as a structural unit to perform a function) is one of 
the main causes of death in the world. Many studies state that organ failure and 
degeneration is one of the most frequent, costly and devastating problems the health 
care system presently faces [3, 45, 46].
Connective tissue Epithelial tissue
Muscle tissue Nervous tissue
Figure 2.7: The main types of tissues found in the human body, showing cells being adjacent to
each other [47j.
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Organ or tissue degeneration is usually treated by transplantation, in which the 
diseased organ or tissue is replaced by a healthy one from another individual; it can 
also be treated by using mechanical devices, as in kidney dialysers or heart valves, or 
by surgical reconstruction. These solutions remain imperfect; transplantation is 
limited due to donor shortage, mechanical devices do not perform as efficiently as 
normal tissue, and surgical reconstruction can result in problems in the long term [3, 
46]. TE is an interdisciplinary field that applies the principles of engineering and 
sciences to develop biological substitutes that offers replacement of the diseased 
organ or tissue. TE can also be used as a tool to obtain deeper knowledge about cells 
or tissue biology and physiology [48]. TE-based trials have attempted to recreate 
tissues such as cornea, skin, liver replacements from isolated hepatocytes and many 
others [3, 49, 50].
Materials used in this field represent a research field on its own; they are of great 
importance since they represent the environment in which cells will grow. Materials 
used in tissue engineering can be classified as either natural or synthetic. Natural 
materials have the advantage of containing information needed for proliferation of 
cells (i.e. protein, grovdh factors), though they do not have easily controllable 
properties. On the other hand, synthetic materials allow easier control but their 
interaction with cells is not as desirable as natural materials [3].
In normal tissue, cells are seeded in an extracellular matrix (ECM) which allows cell­
cell and cell-ECM interaction. ECM is a natural three-dimensional scaffold material 
that allows cells to grow and differentiate inside it [51]. In TE, in order to generate a 
tissue, a polymer scaffold is needed to serve as ECM to the cells. Many types of 
polymers have been used in the human body such as poly lactic acid (PEA); however 
such polymers require large incisions to be placed in the human body. Hydrogels 
have emerged as an alternative approach as they can be injected into the body in a 
minimally invasive way [3].
One of the conventional ways to pattern objects is self assembled monolayer (SAM) 
shown in Figure 2.8. It is defined as the method by which molecules or cells are self 
organized in a layer formed on a surface. The head groups of these molecules 
connect to the substrate, while tail group functional units connect to the objects to be 
patterned. The chemical molecules either interact covalently with the surface, or 
adsorb to the substrate surface [52]. Surfaces with patterned chemical functionalities
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are formed by several methods as chemieal vapour deposition, photolithography and 
microprinting [52]. Due to the stable strueture, SAMs have been used in many 
applications such as corrosion prevention, biosensors and molecular recognition [53]. 
Their biocompatible nature favoured their use in cell patterning studies, as they can 
serve as models for studying properties of cells and cell attachment on surfaces [54]. 
SAMs were used to study DNA and proteins when they get immobilised into 
monolayer [55]. However, they only represent cells in one plane and do not mimic 
the three dimensional tissue structure; also surfaces used with SAM require chemical 
pre-treatment prior to patterning particles, which is expensive and complicates the 
whole process.
Figure2.8;The structure of SAM [56]
2.3 Polymers and Hydrogels
Polymeric materials have been widely used in biomedical applications such as 
prosthetic organs, dental materials, dressings and many others. Their use is 
favourable due to their properties such as cost, ease of manufacturing and mechanical 
properties. In this section, general information about polymers, definition, history 
and their applications as biomaterials will be outlined. A more detailed look on 
hydrogels, their definition, properties and use in biomedical applications will be 
explained thoroughly as they are a main subject that allows to understand the work 
that was done in this thesis.
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2.3.1 Polymers
The word polymer is originally Latin, ‘poly’ and ‘mer’ which means ‘many parts’ 
[57, 58]. A polymer is a material made out of a long chain of repeating units (called 
monomers), which are connected together by covalent chemical bonds (Figure 2.9)
I
Figure!. 9:Monomers connected together forming a polymer [59j
Humans have been using polymeric materials for thousands of years. The polymers 
they used were found in nature, obtained from insects, animals and plants (e.g. amber 
and silk). These materials were used for food, clothes and making tools. In fact, 
almost all biological molecules such as DNA and proteins are polymers. These 
biological polymers are capable of performing mechanical functions as well as 
regulating chemical reactions. Although polymers have been used for a long time, 
their molecular structure was not understood until 1922 when Hermann Staudinger 
showed that polymers were macromolecules connected by covalent bonds, i.e. bonds 
connecting small molecules [60, 61]. Wallace Carothers used simple chemical 
reactions between small molecules to make nylon and polyester, thereby proving that 
polymers are large molecules made by ordinary chemical reactions and having 
normal covalent bonds [61].
Polymers are classified into two main parts. Natural as in natural rubber, amber and 
proteins, or Synthetic as in phenol-formaldehyde resin (Bakelite), which was the first 
commercial synthetic polymer developed by Leo Baekeland [60], or as in 
polystyrene that was synthesised even before discovering the structure of polymers in 
1839 by a German pharmacist named Edward Simon [60]. Although different 
polymers have different properties, all polymers are made from long molecules that 
have a backbone made of carbon atoms. These carbon atoms are covalently bonded
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to each other and the molecules are connected to each other by weak secondary 
bonds (hydrogen bonds or Van der Waals forces). Polymers are synthesised when 
monomers are connected together by a process called polymerisation [57, 62]. 
Polymerisation is the reaction that forces monomers to lose their valence electrons by 
chemical reactions, either by condensation (step reaction) or radical reaction. A 
condensation reaction is where water or any small molecule will be condensed out by 
the chemical reaction [57]. On the other hand, a radical reaction involves the 
interaction of an initiator that breaks the double bond in the monomer to allow it to 
connect to another monomer. The initiator is usually a free radical that activates the 
polymerisation reaction when a heat, light or a chemical stimulus is applied. If 
polymerisation is activated by light the process is then called photopolymerisation, 
and it involves the addition of a photoinitiator, which is a compound that 
decomposes into free radicals when exposed to light; free radicals produce reactive 
species that are capable of initiating the process [63].
Figure 2.10 shows the result of decomposition of the photoinitiator used in this study, 
which is 2,2-dimethoxy-2-phenylacetophenone (DMPA) when exposed to light. The 
initiator breaks down to form two free radicals.
Despite the fact that many polymers can be easily synthesised, just a few can be used 
in medical applications. This is due to difficulties in finding a material that will not 
cause harm to the human body. Polyvinylchloride (PVC) is used in surgical 
packaging, to make tubes in intravenous applications and for making catheters and 
cannulaes [64]. Polyethylene (PE) is another polymer found commercially in five 
major grades. PE is used to make catheters, pharmaceutical bottles, flexible 
containers and many others. A very important example of PE in medical applications 
is the use of Ultra High Molecular Weight Polyethylene (UHMWPE) -  one of PE 
grades- in load bearing applications as in acetabular cups in hip replacements, or 
patellar surfaces in knee joints replacements [64]. Polymethylmethacrylate (PMMA) 
is another example of using polymers in medical applications, because of its 
properties such as light transparency and ease of machining PMMA is used widely in 
contact lenses, implantable ocular lenses, and maxillofacial prostheses and as bone 
cement in j oint prostheses [64].
18
Chanter Two: Literature Review_______________________________ Rula Ahdallat
OCH^  <o) (m)
OCH
Figure!. 10:Example on the decomposition of photoinitiator when exposed to light [65]
23,2 Hydrogels
Hydrogels are hydrophilic (water loving) polymers, and are either natural (e.g. 
collagen, gelatine and fibrin) or synthetic (e.g. polyacrylic acid, polyethylene oxide 
(PEO), polyethylene glycol (PEG), and polyvinyl alcohol (PVA)). These polymers 
can be assembled or crosslinked to form a three-dimensional structure. Hydrogels are 
attractive materials in tissue engineering as they provide a highly swollen and high 
water content 3D environment. The swelling allows diffusion of nutrients into the 
gel, and the cellular waste out of it [45]. Other properties such as softness and non­
toxicity make hydrogels more attractive for use in tissue engineering. Hydrogel 
crosslinking can be achieved in several ways; the type of monomer will determine 
the method of polymerisation, but in general polymerisation starts when a solution of 
monomers (polymer stock solution) loses some chemical groups by exposure to UV 
light, variation in pH or temperature which would result in covalent bonding between 
the monomers [7-9, 45, 46, 66, 67].
2.3.2.1 Design parameters
In order for hydrogels to be used in tissue engineering, they must meet specific 
criteria so that they function correctly and promote new tissue formation and/or cell 
longevity. These criteria include physical, biological and mass transfer properties.
2.3.2.1.1 Phvsical properties
Hydrogels can fill a space that was once occupied by the natural tissue, so it is 
crucial for this material to provide and maintain structural integrity to perform the
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required application [10, 49]. Physical properties include gel formation mechanisms, 
mechanical characteristics and degradation behaviour. Gel formation mechanisms 
explain how cells and molecules are formed into a hydrogel, i.e. crosslinking and its 
effect on cells. As mentioned earlier, crosslinking can he obtained by UV light, 
temperature or pH changes; such methods can denature proteins and cause cell 
damage or death [45]. The method of crosslinking depends on the material that will 
he used (i.e. monomer type); different materials have different crosslinking methods. 
Mechanical characteristics include elasticity, compressibility, visco-elastic 
behaviour, tensile strength and failure strain. All these properties are affected by 
polymer (material type) and crosslinker characteristics. Degradation is an important 
issue in hydrogels, since the tissue that will grow will need a place to occupy and so 
the scaffold needs to be degradable. Degradation can be accomplished by hydrolysis, 
action of enzymes or dissolution [10,45,49].
2.3.2.1.2 Biological properties
Materials to be placed in the human body must be biocompatible. Biocompatibility 
describes the material’s ability to exist within the human body without causing 
damage to adjacent cells, or an inflammatory response [68]. Naturally-occurring 
hydrogels such as collagen are recognised by the body to be non toxic. Synthetic 
hydrogels must go through extensive in vitro testing for cytotoxicity, mutagenicity, 
hemocompatibility, implantation and irritation testing to prove their biocompatibility 
[69]. According to the application, it is important that hydrogels promote certain 
activities such as cell adhesion, proliferation or differentiation. This can be done by 
chemical modification to the hydrogel polymer, for example, the inclusion of 
adhesion ligands to hydrogels can be a method to stimulate cell adhesion [10, 45, 
49].
2.3.2.1.3 Mass transfer properties
Any successful hydrogel must have good mass transfer properties as they give an 
idea about the ability of the scaffold to transport gases, nutrients, proteins and waste 
products into or out of the hydrogel. The property of interest is diffusion, which can 
be understood from Pick’s law of diffusion as stated below:
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Flux /  Area = ■ — —  (2.1)
Where (Cj -Cj )  is the difference in concentrations between surface 1 (has the high 
concentration of the substance) and surface 2 ( the surface with the low amount of 
the diffusing substance), and D (mm^/s) is the diffusivity [58].
Pick’s law suggests that diffusion rate is directly proportional to the concentration 
gradient. Diffusion is also controllable by the pore size of the crosslinked hydrogel. 
In other words, diffusion depends on the monomer characteristics and interactions, 
which mean an increase in the monomer size is accompanied by an increase in the 
pore size. Diffusion does not depend only on the size and characteristics of the 
hydrogel molecules; it also depends on the size of molecules moving within the 
hydrogel compared to the pore size [10, 66].
23.2.2 Common applications o f  hydrogels in medicine
Hydrogels have many applications in biomedical engineering; they can be used as 
drug delivery systems, space filling materials, and as three dimensional structures for 
cell delivery and transplantation [10,45,46,49].
The majority of drugs are delivered to patients systemically (orally or intravenously). 
Large doses are usually required to give the desired local effect, due to the 
degradation of the drug and the uptake of it by other tissues; hence, conventional 
administering is costly and can result in serious side effects. Hydrogels have been 
used to deliver bioactive molecules and drugs, especially in applications where the 
drug is needed to be delivered specifically to the desired tissue site [10]. The delivery 
rate depends on the porosity and the degradation of the hydrogel [70].
They also have been used as space-filling agents to provide bulking, prevent 
adhesion or to serve as bioadhesives. The basic requirement of the hydrogel serving 
as space filler is the ability to maintain a desired volume and structural integrity for 
specific time. As a bulking agent, it is required that the material used is bioinert (does 
not initiate a chemical response with host). Bulking materials are used in plastic and 
reconstructive surgeries as they prevent post-operative adhesion such as alginates 
and chitosan polymers. Anti-adhesives are usually accompanied with the use of 
synthetic hydrogels since they lack receptors and proteins that enhance cell adhesion.
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Such materials are used to prevent post-operative adhesion and to protect arteries 
from thickening after damage, as well as preventing thrombosis in blood vessels 
[48]. PEG, PVA and poly-L-lysine (PEL) are examples of hydrogels that serve as 
anti-adhesives. On the other hand, bioadhesives are used in surgical procedures to 
close small wounds where air and body fluids can leak to it; a very com m on example 
is wound dressings where fibrin has been used [10, 49, 63]. Using hydrogels is also 
promising in terms of cell delivery and tissue development. Hydrogels are highly 
hydrated three dimensional structures that provide a place for cells to grow, divide 
and differentiate; their porous structure also allows the diffusion of nutrients and 
waste in and out of the hydrogel. Currently, hydrogel scaffolds are being tested to 
attempt to engineer different kinds of tissues such as cartilage, bone, liver, nerves 
and even attempts to study self renewal processes in stem cells [7-10, 15, 32, 49, 63, 
67, 70-73]. To this end, there are a range of hydrogels applicable for tissue 
development, but the most common types will be discussed.
2.3.2.2.1 Alginates
Alginates are natural polymers, made from a polysaccharide obtained from brown 
algae (a type of seaweed) [74]. The polymer is made of two different monomers, p- 
D-mannuronic acid (M) and a- L-guluronic acid (G) (Figure 2.11).
Alginate was first discovered by the British chemist Stanford who described its 
preparation from brown algae [74]. They have been widely used in the food industry 
as stabilizers and emulsifiers [49]. As a biomaterial, alginates have been used in drug 
delivery systems [10], wound dressings and dental impressions [75]. Alginate 
hydrogels are obtained by ionic crosslinking using calcium chloride or zinc sulphate 
[68]. Temperature is a main factor that affects the crosslinking rate. This type of 
hydrogel is degraded when placed in neutral pH solutions. Natural hydrogels such as 
alginates have the advantage of being biocompatible and having low toxicity. 
However, a main disadvantage of alginates is that the gelation rate is hard to control. 
In addition, the degradation process involves the loss of ions into the surroundings 
which might be an issue for living cells [45, 66].
As an example of the use of alginates in tissue engineering based studies, Fritschy 
et.al studied the effect of alginates microencapsulation on the secretion of insulin in 
rat islets. The study concluded that insulin release was not affected by encapsulation
2 2
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which also indicates the biocompatibility of using such biomaterial in the human 
body [76].
COOH
p ' D '  (fiannurontc acid a-L-guluidmlcadd
Figure2.11: The chemical structure of mannuronic acid and guluronic acid that represent
monomers for alginates [77]
2.3.2.2.2 Chitosan
Chitosan is another natural polymer hydrogel that is ionically erosslinked. It is a 
hydrophilie linear modified polysaeeharide whieh eontains nitrogen, which is 
biocompatible and has low toxieity; it is a form from de-acetylated ehitin; that ean be 
found in cytoskeletons of inseets. The ehemieal strueture of ehitosan is given in 
Figure 2.12 below.
Chitosan is a degradable biomaterial that ean be broken down by human enzymes 
and is very soluble in aeidie eonditions. Chitosan has been used in many tissue 
engineering approaehes, sueh as drug delivery systems, wound dressings and eell 
transplantation [48]. Derivatives of chitosan have been studied to improve chitosan’s 
insolubility in neutral eonditions and in organie solvents. Some derivatives have been 
modified by adding sugar residues for hepatocyte culture, or by adding proteins for 
neural tissue engineering [10,45, 67].
As an example, Dhiman et.al cultured MCF-7 eells - (breast caneer eell line) - in a 
ehitosan scaffold. The viability of eells in ehitosan and in normal eulture was 
eompared, and then the effeet of an antieaneer drug was also studied. The study 
eoncluded that growth of MCF-7 on a chitosan scaffold presented a better model for 
the evaluation of anti-eaneer drugs [78]. Another study by Moreau et.al investigated 
mesenehymal stem eell proliferation in ealeium-phosphate eement chitosan scaffolds. 
The viability of eells was tested once the cells were cultured on the seaffolds. Results
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showed that this derivative of chitosan supported cells attachment and proliferation, 
were the viability results after 2 weeks of culturing were high and cells number 
increased by one order of magnitude to that when first seeded [79].
.OH
HO
Figure2.12: Chemical structure of chitosan [80]
2.3.2.2.3 Polvethvlene glvcol [PEG)
Synthetic hydrogels are very promising in terms of using them in tissue engineering 
and cell studies, as their properties are controllable. Polyethylene glycol (PEG) is a 
synthetic hydrophilic and biocompatible hydrogel, its properties which include 
inertness, limiting protein adhesion and cell adhesion and immunogenecity has 
favoured its use in medical applications; it is photopolymerised by ultra violet (UV) 
light exposure. The functional hydroxyl end groups of the PEG macromer are 
converted to the functional group acrylate, giving PEG-diacrylate (PEG-DA) which 
can be crosslinked post mixing it with an appropriate photoinitiator and exposing it 
to UV. Figure 2.13 below shows the chemical structure for polyethylene glycol 
(PEG) and PEG diacrylate (PEG-DA).
Hydrophilicity, good biocompatibility and the ability to control swelling favoured the 
use of PEG hydrogels in tissue engineering applications, such as drug delivery 
systems [13], scaffolds for regeneration of soft tissue [63], cell encapsulation for cell 
transplantation studies [81], in post-surgical wound adhesion prevention, and as 
coatings to improve the biocompatibility of implanted sensors [8].
To date, PEG hydrogels have been the most successful hydrogels used in tissue 
engineering applications [2]. PEG is known to be a hydrogel that can resist cell 
adhesion, however, in some applications cell adhesion is needed and this can be
24
Chanter Two: Literature Review Rula Ahdallat
achieved by modifying PEG, for example by the incorporation of adhesion signalling 
proteins [7].
Many studies looked into the ability to use PEG hydrogels in studying proliferation 
of cell encapsulated within. For example, Namba et.al used PEG hydrogel to 
encapsulate primary neural cells. The gel made contained pores that were created by 
co-encapsulating a fibrin network, the degradation of fibrin by enzyme treatment 
resulted in leaving pores within the hydrogel. Cell viability and proliferation were 
measured showing that the enzyme treatment used to create the pores affected cell 
viability; reducing enzyme concentration improved the cell viability to 92%. Cell 
proliferation was measured after 7 days of encapsulating by assessing the DNA 
content and comparing it to DNA content for cells encapsulated in non-porous 
hydrogels. Results showed that total DNA content in porous hydrogels was not very 
different from that in non-porous hydrogels [15]. Whereas, Weber et.al used PEG to 
encapsulate pancreatic cells M1N6 P-cells. Results showed that the encapsulated cells 
remained viable through the period of encapsulation, which was 3 weeks. Cells were 
also able to proliferate, which was confirmed by measuring the DNA content of the 
samples with time. Encapsulated cells transplanted into diabetic mice had returned 
the glucose to normal levels, which confirmed the biocompatibility of PEG 
hydrogels [82]. Underhill et.al looked into the potential use of PEG hydrogels in 
hepatic tissue engineering. Biopotential mouse embryonic liver cells (BMEL) were 
randomly distributed in 10% PEG-DA polymer solution. The polymer solution was 
crosslinked using UV light to get a hydrogel with cells encapsulated in it. Cell 
viability was tested and was high through the first day of encapsulation, but it 
dropped significantly after 3 days of encapsulation. The hepatocellular function 
assessed by measuring albumin release was also measured. Results showed that there 
was an increase in the total albumin by 3 folds after 5 days of encapsulation which 
means that BMEL cell differentiation could happen within PEG hydrogels [83].
The ability to use PEG hydrogels for tissue reconstruction was also studied; PEG 
hydrogels were used by Koh et.al to develop arrays of murine fibroblasts (3T3). The 
arrays were fabricated by immobilizing small groups of cells in PEG microstructures 
fabricated on a substrate (glass). Cells remained viable and they were able to isolate 
single or small number of cells in each microstructure. However, the study suggested 
more investigation to be done in order to determine the optimal conditions to
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improve cell viability, such as studying the effect of photoinitiator concentration and 
UV exposure time [8].
Another study by Bryant and Anseth presented photoencapsulated chondrocytes in 
degrading and non-degrading PEG hydrogels to assess the ECM formation and see 
the effects of the properties of hydrogels on this process. Compression studies and 
swelling studies were done in order to see their effect on cells. Different ranges of 
hydrogels were studied and results showed that cells produced ECM similar to that 
found in synthesised cartilage tissue [7].
HO
PEG
PEGDA
Figure2.13:Chemical structure of PEG and PEG-DA [84]
2.4 Dielectrophoresis: theory and application
In biology and biotechnology, it is important to be able to control and manipulate the 
position of cells. This physical control allows cell study, organization and diagnosis. 
Different methodologies including thermal, optical, magnetic, chemical and electrical 
methods have been used to control micro and nano- scaled particles suspended in a 
liquid medium. The interaction between an applied electric field and particles/cells 
generate electrical forces that lead to the movement and control of these particles. 
These forces include electrophoresis, electrorotation and dielectrophoresis. 
Dielectrophoresis will be discussed thoroughly and explained in terms of theory and 
applications.
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2.4.1 Dielectrophoresis
Dielectrophoresis (DEP), a term first described and termed by Herbert Pohl in the 
1950s is defined as the translational motion of a polarisable particle subjected to a 
non-uniform alternating electric field [21]. The force that causes movement is due to 
the polarisation effect on the particle.
When a polarisable object is placed in an alternating non-uniform electric field it 
becomes polarised, the positive and negative charges are separated and aligned to 
create a dipole, these charges are aligned in an opposite direction to that of the 
electric field. The interaction between the dipole and the electric field will generate a 
net force that will result in the movement of the particle is termed as DEP [21, 22, 
85].
The movement of the particle can be either towards regions of highest electric field 
gradient or away from it (Figure 2.14). When the particle moves towards the strong 
electric field, it is called positive DEP (pDEP). On the other hand, when the particle 
is repelled away from high electric field regions this is called negative DEP (nDEP) 
[86-91].
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Figure2.14: A schematic that shows how the particle will move when subjected to (A) pDEP or
(B) nDEP
There are many factors that determine whether a particle will undergo pDEP or 
nDEP; these factors include the frequency at which the electric field operates. Also, 
the medium and particles electrical properties are a main factor for determining the 
strength and direction of DEP.
All factors affecting DEP can be expressed in the following equation:
P 'd e p  =  1 * } V * s ^ * r ^ * ' R s , [ K  (®)] (2.2)
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Where is the gradient of the strength of the applied electric field, Re [K  (co)] is 
the real part of the Clausius-Mossotti factor, Sm is the permittivity of medium and co 
is the angular frequency [92].
The Clausius-Mossotti (CM) factor is dependant on the dielectric properties of the 
particle and medium as well as the frequency of the applied electric field; it is the 
sign of the CM factor that will determine whether the particle undergoes positive or 
negative DEP [93].
The Clausius-Mossotti factor (K (co)) is given by the following equation:
Where g* and are the complex permittivity of particle and medium respectively. 
The complex permittivity is given by the equation below:
s ' = s - j — (2.4)
CO
Where s  refers to the real permittivity of the material and a is the conductivity of the 
material.
From equations 2.3 and 2.4, it can be seen that the CM factor Re[K(co)] is a function 
of the frequency, and also depends on the dielectric properties (permittivity and 
conductivity) of the particle and the suspending medium. Joel Voldman (2006) 
calculated the CM factor for a mammalian white blood cell (WBC), Figure 2.15 
shows the real part of the CM factor Re[K(co)] of WBC at different frequencies for 
medium with different conductivities. The CM factor arises due to the imbalance of 
charges at either interface between the two dielectric surfaces or what is called 
Maxwell-Wagner polarisation effect. The medium, membrane and cytoplasm will act 
as electrical components, which include membrane resistance, membrane capacitane, 
effect of ion pumps and ion channels as well as cytoplasmic concuctivity.
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Figure2.15: Calculated CM factor for a mammalian white blood ceils at different frequencies 
for two different medium conductivities [21].
From the Figure it can be noticed that in low conductivity medium, the cell is more 
insulating at low frequencies and so the CM factor has a negative value which 
basically means nDEP appearing. On the other hand at high frequencies the cell 
becomes more conductive and the CM factor has a positive value and so pDEP will 
appear. In the case of high conductivity medium, the medium is more polarisable 
than the cell and so nDEP occur at the whole range of frequencies.
Electrically, cell is a lossy dielectric object. A lossy dielectric is used to describe a 
conducting substance that can be made to have a dipole which can dissipate energy. 
A cell can be considered as being composed of two parts, a cell membrane and the 
inside of the cell. The cell membrane is thought to be a resistor and a capacitor in 
parallel; this is due to the ion channels and phospholipids respectively. The 
cytoplasm acts as a conductive material due to the ions found in it.
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2.4.2 DEP electrodes
Any sort of DEP manipulation is done using either pDEP or nDEP, the interaction 
between the electric field gradient and the dielectric properties of the particles and 
the suspending medium will either attract the particles towards regions of high 
electric field gradient or repel them away.
Many electrodes designs have been used to achieve DEP, the design and geometry 
for these electrodes is of great importance since it determines the electric field 
gradient and the magnitude of the DEP force [23, 94-98]. In Pohl’s initial 
experiments, DEP was performed using wires. Recent work used electrodes with 
dimension of micrometers; which arises from the ‘rule’ that electrodes must not be 
larger than thirty times that of particles diameter. Needle electrodes (Figure 2.16 A) 
is one of the simplest shapes used, where the electric field magnitude is maximum at 
the tips. Needle electrodes are made of two needles facing each other; tips are spaced 
apart by about 100pm. This form of electrodes has been used to investigate 
physiological changes in cancerous cell lines as in K562 (leukaemia cell line) [95], 
and in controlling the translational movement of microscopic particles [95, 99]. 
Another type of electrodes that has been widely used is interdigitated electrode 
(Figure2.16 B) which consists of parallel tracks with opposite polarity. They are 
usually used for cell separation or cell levitation studies, negative DEP is difficult to 
quantify using this type of electrodes. Castellated electrodes are interdigitated 
electrodes with castellation which allows nDEP verification and so this type of 
electrodes can be used in cross over measurements [23]. Polynomial electrodes 
(Figure 2.16 C) generate a high electric field gradient along the pads; however, this 
kind of geometry is hard to manufacture [23, 100, 101]. Well electrodes (Figure 2.16 
D) were first generated in 2003 at the University of Surrey; such electrodes can be 
used to analyse micron particles such as cells and determine their 
electrophysiological properties. When the electric field is generated by the 
electrodes, particles are either pulled toward the edges of the well or pushed towards 
the centre. By sorting changes in light intensity while the electric field is applied, the 
electrophysiological properties can be analysed as well as the strength and magnitude 
and direction of the electric field [101, 102]. When cells are attracted to the edges of 
the well by positive dielectrophoresis then the well will appear brighter that what it 
used to be, while for negative dielectrophoresis cells will be repelled and collected at
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the centre of the well and so the well will appear darker than what it used to be prior 
applying the electric field
t '- V .
D
Before
(Osec)
Negative
DEP
Positive
DEP
Transparent base 
Camera
E lectrode  b a n d s  in side  a  w ell
Figure2.16:Examples of DEP electrode designs used in literature A: Needle electrodes; B: 
interdigitated castellated electrodes; C: polynomial electrodes D: Well electrodes [103j
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In this project a different electrode design was used; it is called ‘Dot electrode’ and 
was first developed by University of Surrey, UK. Such type of electrodes gives the 
ability to use the widest space and so a stronger dieleetrophoretic force is achieved 
than that of a similar planar electrode [33]. Dot electrodes have a geometry that 
consists of circular apertures in a grid like array, whieh are etched out from gold 
coated glass substrate, the schematic of this type of electrodes is shown in Figure 
2.17. When the signal feeds the array, an electric field within each aperture is 
generated; the electric field is axisymmetrical for each dot. Assuming that there is no 
voltage drop across the transmission line, each dot will have similar electric field 
geometry with matching field strength generated from the edge of each dot. The 
principle of action is shown is Figure 2.18.
ITO
Dot mieroarray
Glass Substrate
Figure 2.17: Schematic diagram of the dot electrode.
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Figure 2.18:Dot electrodes in action [33]
2.4.3 DEP applications
Dielectrophoresis has been used in a variety of applications such as cell 
characterisation (knowing the cell dielectric properties), separation, patterning and 
tissue engineering which lays in this project area of interest since this project aim to 
pattern cells in order to use them in high throughput screening applications.
2.4.3.1 Characterisation
Characterisation experiments using DEP are meant to find the biophysical properties 
of cells or particles (i.e. conductivity and permittivity). Characterisation studies 
included studying a wide variety of cells such as yeast and bacteria. For example, 
Pohl and Crane [89] studied the collectability of yeast cells when subjected to 
different physical and biological parameters. This was done using needle electrodes. 
They showed that the collection rate depends on the concentration of cells, field 
strength and frequency, the conductivity of the suspension medium, colony age, 
chemical treatment, exposure to heat and UV light. Whereas, Markx et.al [104]
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characterized a variety of Gram-positive and Gram-negative bacteria in order to 
select the experimental eonditions where these micro-organisms can be separated 
using DEP. Polynomial electrodes were used to determine whether positive or 
negative dieleetrophoresis occurs at a frequency range of 10 kHz-100 kHz. This 
study showed that DEP can be used to differentiate between Gram-positive and 
negative bacteria in another way rather than staining.
Another study done by Sanehis et.al [105], used DEP to determine the dielectric 
properties o f E.coli and Staphylococcus aureus (both bacterial cells). DEP spectrum 
was obtained by measuring the accumulation of cells at different frequencies. The 
conductivity and permittivity were calculated from the experimental results and 
compared to previous theoretical results found in the literature. DEP spectra obtained 
for both bacteria types differed from each other reflecting their morphological 
difference as one of them is Gram positive and the other one is Gram negative. 
Experimental results had high sensibility compared to the literature results. However, 
cytoplasmic conductivity for Staph, aureus was much higher than e.coli which agrees 
with that fact that Gram positive bacteria has a higher potassium K+ whieh increases 
the ionic strength resulting in increasing the conductivity.
Moreover, Patel et.al [106] studied the effect of various lethal environmental stresses 
on the dielectric properties of eells using interdigitated castellated DEP electrodes. 
Thermal and chemieal stresses as well as various toxic agents were applied to yeast 
cells. Results showed dead cell makes an effective contribution to the overall 
capacitance of the suspension. Cell death rate became faster as the concentration of 
the ehemicals-which eells are exposed to- increased, death rate increased as the 
temperature increased. In another study, Chen and Pohl [107] studied single yeast 
cell behaviour using DEP; wire-wire electrodes were used to measure the voltage at 
whieh the eell is released from the electrode, whieh is another way to obtain the DEP 
spectrum. The results showed that there are variations in the permittivity among 
individual cells from the same colony. The study concluded that these variations 
indicate that permittivity is a very useful parameter for cell studies. Opposite field 
DEP on planar electrode geometry was applied to obtain the DEP spectra for 
individual yeast eells. Data obtained from DEP experiments was eompared with the 
theoretical DEP response. Results showed that both pDEP and nDEP could be
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measured at different medium eonduetivities, and the results for cell parameters 
agreed very well with the data from eleetrorotation experiments [99].
DEP is a very promising tool in terms of diagnosis of diseases sueh as eaneer. Many 
studies have looked into DEP ability to derive properties of eaneerous cells and the 
ability to differentiate between normal eells and diseased eells based on the 
biophysical properties. For instance, DEP was used to characterise E1357 (Human 
oral squamous cell carcinoma) and UP (normal kératinocyte cell line). Results 
revealed that cytoplasmic conductivity (whieh reflects the ionic strength) was higher 
in the normal cells eompared to the cancerous eells, this was explained from the fact 
that eaneerous cells are larger than normal eells and that there is a difference in 
expressing ion channels between different cells lines. Results also showed that there 
is a difference in the specific membrane capacitance -whieh reflects membrane 
morphology- eaneerous eells had a higher membrane capacitance than that for 
normal eells, whieh indicates a more folded strueture due to the changes in cell size 
[25].
DEP showed that it is a useful tool to bring up differences in the cytoplasm between 
different phenotypes of the same eell line. Labeed et.al [95] for example, used needle 
electrodes to find the electrophysiological properties of eells expressing multi drug 
resistance (MDR). Human chronic myeloid leukaemia cells (K562) and their MDR 
phenotype were characterized. Results showed that normal K562 have a lower 
cytoplasmic conductivity than its MDR phenotype, whieh is due to a lower ionic 
content. Moreover, a wide group of MCF-7 cells (breast eaneer cell line) and their 
MDR derivatives were studied by DEP. Results showed that there are differences in 
the cytoplasmic conductivity between MDR cell lines and the parent line and also 
between each other. DEP was also able to detect changes in the specific membrane 
capacitance in one of the MDR derivatives whieh was not detected in the other 
derivatives. This study allowed the explanation of MDR based on their biophysical 
characteristics [96]. The effects of chloride, potassium and calcium ions on the 
cytoplasmic conductivity of drug sensitive and drug resistant K562 by using ion 
channel blockers were studied, this was done to know the contributions of individual 
ion channel activity in mediating MDR. DEP experiments were done using needle 
electrodes. DEP spectra for K562 and its MDR derivative were found before and 
after treatment with ion channel blockers. Results showed differences in the
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cytoplasmic conductivity between the two lines of eells used. The conductivity 
difference between the two lines of cells is due to the presence of additional chloride, 
suggesting an increase in the activity of chloride channels in the resistant eell line. 
The study concluded that DEP ean be used in understanding the cytoplasmic ionic 
composition and so getting to know the activity of ion channels in a non-invasive 
way [108].
DEP was also used to track changes in different types of cancer cells after treatment 
with anti-cancer drugs. Ratanchoo et.al [109], used DEP to detect changes in the 
dielectric properties (membrane conductance and capacitance) of a human cultured 
leukaemia eell line HL-60 after treatment with paraquat, styrene oxide, N-nitroso-N- 
methylurea (NMU), and puromyein (all are anti-eaneer drugs). Paraquat and styrene 
oxide attack the cell membrane while NMU and puromyein have an intracellular 
action. They used polynomial electrodes to find the changes in the dielectric 
properties after treating the eell with the drugs mentioned. They found that all 
chemicals led to a decrease in the membrane capacitance and an increase in the 
membrane conductance. However, since paraquat and styrene oxide are membrane 
agents, changes in the dielectric properties were detected earlier than changes caused 
by the other two chemicals. It was also noticed that there was no increase in the 
membrane capacitance with any of the used chemicals as none of them had a solvent 
or a detergent like effeet. DEP was used to determine the effects of different 
concentrations of Doxorubicin -cancer treatment drug- on K562 cell line after 4hrs 
of incubation. Well electrodes were used to determine the changes in the dielectric 
properties between the treated samples and the untreated control sample. Results 
showed that DEP spectrum for eells treated differ significantly from untreated cells. 
DEP was able to detect two populations of dead and live cells whieh the 
conventional viability test was not able to detect [88].
DEP was also used to track changes in intracellular pathways sueh as programmed 
cell death. Chin et.al [110] studied the early changes in the dielectric properties of 
K562 during apoptosis. DEP was used to detect any changes in cell properties after 
30 min and 1 hour post apoptosis treatment. Results showed that cytoplasmic 
conductivity was elevating as early as in 30 min, DEP was able to detect another 
population of necrotic cells over the hour time interval post treatment, and the second 
population could not be detected using the conventional biochemical marker method
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used. The study eoncluded that DEP can be used as a rapid and more efficient 
detection method than the existing methods used. Another study used DEP to 
determine the dielectric properties of K562 during apoptosis. Staurosporine was used 
as an apoptosis inducing agent, the cells were DEP analysed over a period of 48hrs 
following induction of apoptosis. Results showed a sharp increase in the cytoplasmic 
conductivity following 4hrs of incubation with the apoptosis agent, this increase 
persisted for 12hrs, and this increase is explained due to the increase in the ionic 
content of the cytoplasm due to the shrinkage that is accompanied by apoptosis. 
After 24 and 48hrs of incubation, multiple populations were detected whieh 
highlights the changes in the eell dielectric properties before undergoing death or 
necrosis [94].
Other DEP characterisation studies looked into the properties of non-biologieal 
particles sueh as looking into the dieleetrophoretic behaviour of carboxylated 216nm 
latex spheres by measuring the crossover frequency of the particles as a function of 
medium conductivity [111]. For example, when Fatoyinbo et.al [28] characterised 
spores and diesel particulate matter (DPM) to find their crossover frequencies in 
order to use that to separate pathogenic bacteria from non-biologieal material of a 
similar size.
Some other studies have looked into the ability to develop systems that can extract 
the biophysical properties for cells in a shorter time, for instance, a new automated 
system based on well electrodes that measures the DEP spectrum for a large 
population of eells was presented in one of the studies. In order to test the system 
yeast cells were chosen because they were characterised before. The spectrum was 
obtained in less than 5min where each frequency is applied for 5see. Results obtained 
had an acceptable bounds when eompared to results published in literature. However, 
cytoplasmic permittivity was an exception; this difference was explained due to the 
limitation of the function generator. Other differences in other values were explained 
due to the natural variation in the biological system and experimental conditions 
using different strains of yeast [112]. Moreover, Hoettges et.al [102] presented the 
use of multi-well plate for high-throughput drug assessment. The nature of the device 
means that many electrodes- with different sample in each one- ean be tested in the 
same time in parallel. Yeast cells (live and dead), Jurkat cells and E.eoli were 
characterized using this system. For yeast cells the well plate method showed a very
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near match to published data. The investigation for the effect of chemical agents on 
Jurkats cells and bacteria showed that two drugs used on Jurkats (NPPB, verapamil) 
reduced the cytoplasmic conductivity, whereas quinine increased it. This is explained 
through the operation of the drugs on ion channels which would affect ion 
transportation through the membrane. The effect of antibiotics on e.coli was also 
studied. Whereas, Fatoyinbo et.al [113] used a novel multi-channel 
dielectrophoretic-dot microelectrode array to obtain real-time cell electrophysiology. 
This new assay format was developed to continuously monitor cells dielectric 
properties near real time; 16 different frequencies could be applied in two sets 
allowing a DEP spectrum to be measured in 20s with a 90s gap time between the two 
sets. The system was demonstrated using K562; cells were monitored after exposing 
them to staurosporine and valinomycin. Results showed that the specific membrane 
capacitance increased immediately after staurosporine was added, which indicated a 
drop in the membrane resistance. Exposure to valinomycin reduced the specific 
membrane capacitance over 70 minutes time, the cell viability was also affected 
(dropped from 96% to 20%) which agrees with the apoptotic effects of potassium 
ions influx to cells. The study concluded that this system offers a fast, powerful and 
low cost system to monitor electrophysiological properties compared to conventional 
systems.
2.43.2 Separation and trapping
In addition to characterisation, DEP was used as a separation tool, which could be of 
potential use in lab on chip devices. Separation trials have been investigated in the 
60’s of the previous century where, Pohl and Hawk [114] tested whether DEP can be 
used to separate living yeast cells from dead ones without noticeable harm to cells. 
Yeast cells were chosen because they are large and are able to survive in aqueous 
solution. Pin and plate electrodes were used to apply the electric field; it was noticed 
that when a potential of 30V or more was applied, the cells clustered at the pin 
electrode within 15-30sec. Dead cells stayed behind in the liquid and didn’t move 
toward the pin electrodes, unlike live cells and so a separation was achieved. DEP 
was also used to separate a mixture of micro-organisms using castellated 
interdigitated electrodes. A mixture of yeast cells and M.lysodeiktious was 
introduced to a separation chamber. By energizing the electrodes at 8Vp-p and
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frequency of lOKHz, yeast cells were repelled from the electrodes or were levitated 
above the plane, then by flushing the electrodes yeast cells could be collected while 
the electric field is still on, then the other bacterial type was collected after the 
electric field was switched off [104]. Another example was given by Fatoyinbo et.al 
[28] who isolated pathogenic bacteria from non-biological material by DEP using 
interdigitated electrodes to trap particles from a mixture of diesel particles and 
spores. At a frequency of IMHz, lOVp-p all the spores experienced nDEP and were 
levitated above the electrodes, which could be collected at the outlet by pushing flow 
through at a specific rate (1.02ml/hr).
Separation studies include testing the ability to separate different non-biological 
particle or particle’s components. As an example Hughes and Morgan [115] used 
polynomial electrodes to trap single virus particles using nDEP. A 93nm latex sphere 
was trapped at the centre of the electrode at 5Vp-p and 15MHz. Single virions and 
capsids were also trapped at the same conditions. Polystyrene beads were separated 
using dielectrophoretic/gravitational field-fiow-fractionation. The beads had different 
surface functionalization and different sizes. The theoretical modelling allowed 
determining at which frequencies the different polystyrene beads could be separated 
and at what heights they would be levitated. The group demonstrated the separation 
of NF-PS and COOH-PS; they also separated NF-PS from three different sizes [116]. 
Carboxylated 216nm latex spheres were characterized in order to determine their 
crossover frequency. Latex spheres were anti-body coated and characterised as well. 
The information obtained from the characterisation experiment was used to pick the 
best conditions that would allow separation between labelled and unlabeled latex 
spheres. Castellated electrodes were used to separate unlabeled and labelled spheres. 
5V and 5MHz AC signal was applied to the electrodes with a mixture of latex 
spheres suspended in it. The unlabeled spheres were attracted to the electrodes under 
pDEP while coupled spheres were repelled away by nDEP [111].
Morgan et.al [117] showed that DEP can be used to separate submicron particles, in 
order to separate the particles, the correct frequency and medium conductivity was 
determined by DEP force calculations to check at what frequency one of the particles 
will undergo pDEP while the other one undergoes nDEP. 216nm and 557nm latex 
particles were separated using castellated electrodes at lOVp-p and a frequency of 
2MHz, while polynomial electrode was used to separate tobacco mosaic virus
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(TMV) and herpes simplex virus (HSV) at 5Vp-p and 6MHz. In another study Chen 
et.al [118] used interdigitated electrodes to study the separation of polystyrene 
particles. pDEP as well as nDEP were observed. For pDEP particles were trapped at 
the edges of the electrodes, while for nDEP particles were levitated above the 
electrode plane. The levitation height was found to be controlled by the frequency 
applied as well as the dielectric properties of the particle and the suspending 
medium. Malnar et.al [119] separated two latex spheres populations (3 pm and 
0.914pm diameter) using DEP and fluid flow. A new electrode design was used, and 
a numerical analysis was done in order to calculate the DEP force and drag force, 
and found out that the areas of high electric field are located at the tips of the 
electrodes. The results of the numerical analysis were compared with the 
experimental results. This was done by applying an electric field to the electrodes 
(20Vp-p, 6MHz); both particle types experienced nDEP. However, the fluid drag 
force overcame the DEP force for smaller particles and they were collected at the end 
of the microfluidic channel, while larger particles stayed levitated above the 
electrode due to the DEP force, which agreed with the numerical results.
Separation of biological cells or particle from blood or from a mixture of cells and 
other particles was also attempted. For example, red blood cells and latex beads were 
separated from a mixture containing both nDEP and field flow fractionation (FFF). 
Interdigitated electrodes were energized, at a frequency of IMHz, red blood cells 
were attracted to the electrodes by pDEP while latex beads were levitated above the 
electrodes and so the latex beads could be separated by fluid flow [120]. Also, 
tumour cells (MDA-MB-435) found in a mixture of cells and blood biopsied from 
solid tumours grown in mice, were trapped using DEP. The cell suspension 
experienced DEP force which levitated the cells above the adhesive surface, the 
frequency was then increased towards the outlet of the electrode and so the first cell 
type experienced decreased DEP levitation force and adhered to the surface of the 
electrode, the other cell types remained levitated. Towards the end of the electrodes 
each cell type adhered to the surface but in different locations [121]. DEP forces 
operating at 15Vp-p and 16MHz were also used to separate viable and non-viable 
human lung cancer cells. Mixed viable and dead cells were pippetted into 
interdigitated electrodes, positive DEP was generated on live cells, and nDEP on 
dead cells which were collected at the collection chamber. The electric field was shut
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down and live cells were collected and boiled to a certain temperature to allow cell 
lysis. The cell components were then transported to the same separation system and 
the nucleus could be separated from the components at a frequency of 200 kHz 
[122]. Borgatti et.al [123] reported the use of a DEP based printed circuit board 
(PCB) device to separate white blood cells from erythrocytes. Preliminary studies 
were done by mixing red blood cells with K562, the separation was achieved and 
was considered as a proof of principle. Then the white blood cells were separated 
from blood. While, Pommer et.al [124] separated platelets from diluted whole blood 
by DEP. They used a two stage DACS device that purified platelets from blood. The 
separation principle was based on quadrapole DEP electrodes and size fractionation. 
After collecting the output sample from the DEP system, the sample was analysed by 
cytometry and revealed that the sorter system was able to separate 95% of platelets. 
Breast cancer epithelial cells (MCE 7) were separated from healthy epithelial cells 
(MCE 10A), the novelty about this work that both cell line has a very similar cell 
diameter. 8Vp-p and a frequency of 48 kHz -which is the cross over frequency for 
normal epithelial cells- electric field was applied through the separation system. The 
separation results showed that 86% of cancerous cells moved towards outlet A, and 
98% of normal cell migrated towards outlet B [27]. Gascoyne et.al [125] tested a 
larger DEP array to separate MDA-MB-435, MDA-MB-468 and MDA-MB-231 
tumour cells from mixtures with blood cells. After isolation the tumour cells were 
returned back to grow in flasks and check their viability to demonstrate that the 
separation system did not cause any harm to the separated cells. The separation 
principle was based on Dielectrophoretic field flow fractionation.
Systems were also developed to have a faster and easier separations using DEP. For 
example, a 3-D novel approach was described to separate cells using a new electrode 
structure. The electrode is composed of a drilled laminated structure formed from 
30pm thick conducting material and 150pm insulating material; the alternate 
conducting materials were energised with opposing phases. The system was tested by 
evaluating the DEP forces using finite element analysis. Testing the device was done 
by applying an electric field with lOMHz-lOV signal. Results showed that using a 
smaller pore diameter collected more percentage of viable cells compared to larger 
pore diameter, which agrees with the electric field simulations [126]. Whereas, 
Bocchi et.al [127] presented a trapping system based on micro wells open at top and
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bottom; particles could be trapped and levitated using nDEP. Demonstrating the 
system was done using cells and polystyrene beads. Single particles were dispensed 
while the electric field is turned on. 300pm well was successfully used to trap 90pm 
polystyrene beads, and 125pm well for 25pm beads. Contactless DEP (cDEP) was 
also used to isolate specific cell species from a mixed sample of living cells. cDEP 
works on the idea of liquid electrodes rather than using the conventional metal 
electrodes. They used this technique to differentiate between normal, intermediate 
and late stage breast cancer cell lines. After characterizing these cell lines they could 
trap MDA-MB-231 (very aggressive breast cancer cell) at 30V and at frequency of 
164 kHz from a mixture of three cell types [128].
2.4.3.3 Patterning and immobilization
Patterning cells into specific locations by DEP presents a non-invasive method to 
mimic the cellular organization for tissue engineering and to perform cell studies 
such as high throughput screening, and drug testing. DEP has the advantage over 
conventional methods as it offers the ability for parallel working, no pre-treatment 
for patterning surface, it is fast and can be combined with other techniques [129]. 
Artificially structured microbial consortia (ASMC) were fabricated by DEP. DEP 
was used to localize different cell types (E.coli, Micrococcus luteus and S.cerevisiae) 
sequentially at areas of high electric field, after each cell type was patterned, 
stabilization was done by introducing a flocculating agent polyethyleneimine (PEI). 
Using interdigitated castellated electrodes energized at 15Vp-p and IMHz, different 
cells types were moved via pDEP. After patterning, the flocculating agent was 
introduced to hold the cell structure together. Viability testing was then performed to 
test the effect of electric field and stabilizing agent on cells integrity [130]. Whereas, 
Alp et.al applied pDEP to construct ASMC, the highest DEP force was found 
at low conductivity medium and at a frequency of IMHz. interdigitated castellated 
electrodes were energised to produce a dielectrophoretic force to manipulate three 
types of cells (S.cerevisiae, E.coli, and Micrococcus luteus). The micro-organisms 
were introduced at different times so that DEP force would place them on top of each 
other. The structure was then stabilised using UV polymerised acrylamide hydrogel. 
To determine the cell viability after immobilisation, glucose consumption and 
ethanol production were measured. Results were compared with the same testing
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being done on cells in suspension. Results showed that cell viability was affected but 
was maintained; this was explained due to the cytotoxicity effect of the hydrogel 
polymerisation technique and also due to the thickness of the hydrogel produced ~ 
1mm, which was relatively thick affecting diffusion.
Energized interdigitated castellated electrodes were used to pattern bacterial cells and 
then immobilize them using a flocculating agent (PEI). The optimum concentration 
of the flocculating was determined so that viability of cell was not affected, this was 
done by stabilising cells in different concentrations of PEI then count the viability 
using a LIVE/DEAD viability kit, by comparing the results for cells viability the 
optimum concentration which obtained high viability percentage was picked. 
Patterning cells was done by distributing bacterial cells in low conductivity medium 
and applying a non-uniform electric field at (IMHz, 20Vp-p). Cells formed 
aggregates between castellations, and then the flocculating agent was introduced to 
stabilise the cells. Metabolic interaction between the two patterned bacterial species 
was studied. Results showed that the interaction and the activity of the patterned cells 
were very similar to that found in a pure culture biofilm. Cells were viable and were 
able to grow and cells were alive for 120 hours. The study concluded that DEP is a 
favourable method over traditional methods as it is faster and simpler [132] .Another 
study by Suzuki et.al [133] used interdigitated electrodes to pattern 2pm polystyrene 
beads by nDEP (3MHz, 20Vp-p). The final pattern shape consisted of lines and grids 
of polystyrene beads. The group also immobilised the objects after patterning by two 
techniques; chemical and within hydrogel. Chemical immobilisation was done by 
treating the patterning surface by a cross linker, while hydrogel immobilisation was 
done by suspending the particles in a polymer hydrogel solution, applying DEP and 
then encapsulate the particle inside the hydrogel by UV photopolymerisation.
DEP was used to pattern different types of mammalian cells as well as stem cells. 
For example, Sebastian et.al [134] applied pDEP on interdigitated castellated 
electrodes to form aggregates of Jurkat cells. The cells themselves adhered to each 
other as electric field kept going in for a long time forming aggregates. Placing the 
cells in fresh medium after patterning increased the adherence between the cells. It 
was also noticed that the cells at the top of the aggregates were detached easily than 
the rest of the cells; this was explained due to that these cells are exposed to higher 
fluid velocities as well as higher electric field. Viability testing was also performed
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on the aggregates which showed that cells remained highly viable after construction 
of aggregates. While, Pethig et.al [135] used DEP to assemble insulinoma cells 
(BETA-TC-6 and INS-1) into three dimensional constructs using Indium-Tin Oxide 
(ITO) electrodes producing DEP forces. Nanosensors in the form of oxygen and pH- 
sensitive dyes were used to monitor the electrophysiological properties of the cells- 
membrane capacitance and conductance-. Electrorotation experiments were 
performed to predict the experimental conditions required to generate either pDEP or 
nDEP movement of cells. Cells were pushed towards the holes formed in the ITO by 
nDEP by applying a signal at lOkHz and 4Vp-p.
Tsutsui et.al used PEG to make an array of well fabricated on ITO electrode and 
used DEP forces to pattern cells and place them in the microwells. Live/Dead 
viability assay was used to measure the viability of cells to see the effect of 
patterning and PEG on cells integrity. At 20Vp-p and a frequency of lOMHz, Murine 
ES cells moved by pDEP force and were placed inside the PEG fabricated wells. 
Viability testing showed that more 95% of the cells were viable after patterning [14]. 
Whereas, Yong and Zhang used interdigitated castellated electrodes to pattern left 
ventricle cardiac myocytes. Finite element analysis was used to know the electric 
field distribution at the electrode geometry. Applying a sinusoidal signal with 4Vp-p 
and 2MHz resulted in the accumulation of the cells at the edges of the electrodes. 
The geometry of the pattern was similar in shape to the cardiac tissue orientation 
found in the heart. The study concluded that DEP could be a powerful tool to mimic 
and develop tissue like structures that could be used in tissue repair applications 
[136].
Underhill et.al studied the behaviour of liver cells after patterning using DEP and 
encapsulation within PEG hydrogels. Biopotential mouse embryonic liver (BMEL) 
cells were suspended in 10% polymer PEG solution, patterned by pDEP into 
hexagonal geometry and exposed to UV light to crosslink the polymer solution [83]. 
Also, the ability to form a 3D cellular structure in a photopolymerizable hydrogel 
using DEP was studied where bovine articular chondrocytes were suspended in 
uncrosslinked 15% PEG 1% agarose polymer solution, which was injected into a 
DEP patterning chamber. Applying a non-uniform electric field across the chamber 
resulted in cell motion, cell were organized and patterned in many arbitrary shapes as 
in parallel lines, concentric circles and hexagonal arrays of cell clusters. To ensure
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that the DEP chamber used was biologically versatile, many cell types such as rat 
hepatocytes, mouse fibroblasts and human hepatoma cell lines were patterned. 
Patterned cells underwent the electric field for 6.5 minutes and UV exposure for 3.5 
minutes. The second part of this study studied the viability of cells as DEP patterning 
and UV exposure have the potential to harm cells , cell viability was monitored for a 
period of two weeks, results showed that the viability went down from 94% at day 
one to 80% at day 14. The study concluded that DEP combined with hydrogel 
encapsulation could be used as a method to explore micro-scale organisations of 3D 
patterned cells [32]. Park et.al [137], studied the ability to use interdigitated 
electrodes on a printed circuit board (PCB), these electrodes can be reused to pattern 
and manipulate HeLa cells and polystyrene beads. The idea of their work was to use 
the electrodes again and again without the need for a complicated cleaning process; 
this was done by placing a cover slip on the top of the electrodes. A numerical 
analysis was done in order to have an idea about the electric field distribution. Then, 
applying an electric field at IMHz allowed pDEP to pattern HeLa cells while the 
same frequency resulted in nDEP force to pattern polystyrene beads. It was noticed 
that the viability of HeLa cells was affected by pDEP so the research group 
suggested treating the patterning surface with fibronectin in order to improve cell 
viability after patterning.
The possibility of 3D micro-patterning of cells surrounded by any biomaterial type 
was also studied. Some biomaterials such as collagen and alginates are better than 
others in terms of supporting cell survival or cell-cell interaction. However, such 
biomaterials have high conductivity and high viscosity which limits getting efficient 
DEP patterning. Cells, proteins and micro-beads were encapsulated in a local phase 
hydrogel that had high conductivity and high viscosity, the formed materials, named 
microgels, were DEP patterned in a hydrogel that was subjected to conductivity and 
viscosity limitations to enable DEP patterning. BMEL (mouse embryonic liver cells) 
encapsulated in alginates and patterned in PEG hydrogel was achieved in this study, 
it was concluded that such an approach would enable studies examining the influence 
of 3D architecture on different cell types [71]. And Kaji et.al [31] created regions 
made of adherent HeLa cells by nDEP. The adhesion surface was first treated with 
fibronectin before introducing cells into the microfluidic chamber. The electric field
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was applied at IMHZ, 20Vp-p where cells would be repelled away from high electric 
field areas and be placed on top of the adhesion areas connected to fibronectin.
DEP was also used to pattern heterogeneous cells types. For example. Ho et.al [138] 
patterned liver cells by pDEP on chemical treated ring electrodes at IMHz, 5Vp-p. 
The resultant pattern of cells was washed with Ca^  ^ and Mg^^ solution in order to 
achieve stable cell- substrate adhesion. The patterning chamber was placed in growth 
medium and incubated for viability assessment. Fluorescence viability assay 
FDA/EtBr was used to determine the viability percentage of cells after patterning. 
Results showed a high survival percentage of 95%. They were also able to use the 
same patterning chamber to pattern heterogeneous cell types. Liver cells (HepG2 
cells) and endothelial cells (HUVEC) were patterned in the same system; liver cells 
were introduced to the chamber and patterned before endothelial cells. The 
patterning of both cell types aimed to mimic a classic real hepatic lobule. In order to 
see the patterning geometry, both cell types were stained with fluorescence before 
injecting them into the chamber, this was done with a red/green fluorescence assay. 
Moreover, Sebastian et.al [139] formed multilayer aggregates of mammalian cells by 
DEP. Two cell types (Jurkats and AC3) were stained with different membrane stains. 
AC3 cells were patterned first using pDEP achieved on interdigitated castellated 
electrodes energized at (20Vp-p, IMHz), and then Jurkat cells were introduced using 
the same conditions which lied on top of AC3. Fluorescence pictures were taken to 
show that cells were layered on top of each other.
The ability to fabricate living cell arrays encapsulated in PEG hydrogels by two 
methods, photo-patterning and electro-patterning, and whether these two methods 
could be combined together was examined. 3T3 (mouse fibroblasts cell line) were 
suspended in 20% PEG hydrogel polymer solution, 2-hydroxy-1-4-(hydroxethoxy)- 
phenyl-2-methyl-1 -propanone (Irgacure 2959) was used as the photonitiator that 
would activate the crosslinking reaction. When studying photo-patterning, PEG 
solution containing cells was injected into a patterning chamber. Once the solution 
was exposed to UV light, the exposed areas were crosslinked and unexposed areas 
were flushed and cleaned. Another cell type (rat hepatocytes) was added to empty 
regions and exposed to UV light again. It was concluded from this part, that photo­
crosslinking allowed the formation of multiple domains that contain more than one 
type. However, the cells in this method were randomly dispersed. On the other hand.
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DEP electro-patterning method allowed the organization and localisation of cells that 
would allow cell-cell interaction. The study concluded that these two methods could 
be combined to create 3D environments for cells [20]. Different cell types were 
patterned by nDEP without any pre-treatment to the patterning surface. Modelling of 
the strength of the electric field was done using COMSOL software, before the 
experiments were done. Interdigitated electrode energized at 12Vp-p and IMHz was 
used to pull the cells towards regions of low electric field. The first cell type was 
patterned by applying the electric field at specific areas, cells were patterned within 1 
minute but the electric field was kept on for 5 minutes to allow cell adsorption to the 
slide. Then the electric field was off and the second type of cells was introduced and 
patterned at a different place. Each of the cell types were stained with a different cell 
tracker fluorescence die in order to observe the patterning efficiency [140].
2.5 Concluding Remarks
This Chapter introduced the basic background needed in order to understand the 
work done throughout this project. Three main topics were explained thoroughly; 
which were cells, polymers and hydrogels and finally dielectrophoresis. Cells, their 
definition, types, how they function and their way of keeping steady state were 
introduced first. They were then connected to the human body in terms of defining 
tissues and organs and what sort of problems that could interfere with a tissue or 
organ performing its designated function. The treatment for such abnormalities and 
the current methods for cell and drug studies were also mentioned. Tissue 
engineering being a potential solution for many defects encountering human organs 
as well as a potential way for 3D cell and drug testing methods was also explained 
with the related previous work and the most preferable materials used, such as 
hydrogels. Hydrogels being a favourable material in TE was also defined with their 
favourable properties as well as the most widely used types in medical applications. 
Finally, Dielectrophoresis as a cheap and easy method that can be combined and 
used in TE applications and in combination with hydrogels was discussed with all the 
relevant theory and applications.
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3.1 Introduction
The aim of this study was to optimise conditions in which polyethylene glycol (PEG) 
hydrogels and nDEP can be combined together to trap cells using a novel set of dot 
electrodes. The optimisation study investigated the best conditions to obtain efficient 
nDEP patterning and encapsulation, whilst causing minimal harm to cells. The 
conditions studied were the ability to peel hydrogels after crosslinking, water content 
percentage, nDEP efficiency when performed on yeast cells suspended in different 
hydrogel solutions, and the viability of cells encapsulated inside the hydrogel after 
DEP patterning and photopolymerisation.
The optimisation study tested many aspects; the first aspect determined water content 
percentage in a series of different concentration of PEG hydrogels; which gave an 
indication to which concentration of PEG is the best to maintain high viability of 
cells. The efficiency of nDEP in different concentrations of PEG solutions was also 
studied in order to determine the best concentration that will give rise to most 
effective patterning. The last aspect tested the viability of cells after encapsulation in 
the hydrogel after patterning and UV exposure to see whether these factors affected 
cell viability or not. This optimisation study formed a basis for studying mammalian 
cells encapsulated in hydrogels. The results produced in this study can potentially be 
used in high throughput screening and drug testing.
3.2 Materials and Methods
5.2. i  Preparing stock solutions ofpolymer and photoinitiator
3.2.1.1 Photoinitiator stock solution
A photoinititator is a chemical compound that will break down and produce free 
radicals; this excitation or production of free radicals will cause monomers of the 
polymer solution containing the photoinitiator to react and form a stable structure 
(i.e. hydrogel).The excitation of the photoinitiator depends on the wave length of the 
light and so knowing the light wavelength used will determine the type of the 
photoinitiator that is to be used. In this experiment 2,2-Dimethoxy-2-phenyl 
acetophenone (DMPA) 99% (Sigma Aldrich, UK) was dissolved in 1-vinyl-2- 
pyrrolidone (NVP) (100 mg/ml) 99% (Sigma Aldrich, UK).
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3.2.1.2 Preparing polyethylene glycol stock solution
Polyethylene glycol diacrylate (PEG-DA) 575 (Sigma Aldrich, UK) was mixed with 
DI water to make ten different solutions with different PEG concentrations. The 
concentrations varied by 5% within the range of 5%-50%. The solutions 
compositions are shown in Table 3.1.
%PEG PEG (ml) DI water 
(ml)
5% 1 19
10% 2 18
15% 3 17
20% 4 16
25% 5 15
30% 6 14
35% 7 13
40% 8 12
45% 9 11
50% 10 10
Table 3.1: Composition of PEG-DA polymer solution
3,2.2 Studying the ability to peel hydrogels and the water content in PEG- based 
hydrogels
After the stock solutions were prepared, 1 ml of each PEG solution was taken and 
placed into an Eppendorf tube, 5 pi of DMPA solution was added into the ten 
Eppendorf tubes, and then the content of each tube was mixed for few seconds 
(Rotamixer, Hook & Tucker Ltd). Microscope slides labelled from 1 to 20 were 
washed with 70% ethanol followed by DI water, once dry the empty slides were 
weighed (Ohaus, Scout 2). AZ210 UV light box (Mega electronics, UK) (Figure 3.2) 
was used to crosslink the PEG-DA polymer solutions, the UV light box produced 
UV at a wavelength range between 365nm as it uses low pressure mercury tubes. The 
wavelength produced by the light box was used to break down DMPA. 50pl of each
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polymer solution was dispensed on a separate slide and placed in the light box 
between two spacers that were used to support a cover slip as shown in Figure 3.3.
Figure 3. 1: UV light box
mm
''Gbver
Figure 3. 2: Spacers and cover that are used to protect the polymers from touching the light box
flexible layer
The spacers were thick enough to make sure that the cover slip was not in contact 
with the slide. The cover slip itself was used to prevent the flexible layer of the light 
box from touching the polymer solution on the microscope slide. After the above 
procedure was performed, the light box was closed; the exposure time was set to 50 
seconds and the exposure was turned on. Once the exposure was completed, 100 pi 
of DI water was dispensed over each slide in order to observe whether the polymer 
had crosslinked or not. Tweezers were also used in order to see how easy it was to 
peel the hydrogel without breaking it from the slide. The slides were weighed again
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after crosslinking in order to find the weight of hydrogels in their hydrated phase. All 
the slides were placed in a desiccator and left overnight (~17 hrs) at room 
temperature to dehydrate; the weight of the slides was taken for a third time.
The water percentage of each PEG concentration was calculated as shown below:
Water% = weight hydrated gel- weight dehydrated gel *100% ( 3 . 1 )
weight hydrated gel
3.2.3 Studying the efficiency o f nDEP patterning o f yeast cells in different PEG 
solutions
The experiment assessed how effective is nDEP in patterning yeast cells suspended 
in different PEG solutions. The same range of PEG concentrations used in the 
previous section was used in this experiment.
3.2.3.1 Preparing yeast cells
Yeast cells are fungal eukaryotic cells; they are commonly used in baking and 
brewing. The scientific name for baker’s yeast is Sacchromyces cerevisiae 
(S.cerevisiae). Yeast cells have been widely used in genetic and biological studies as 
they serve a simple model for eukaryotic cells. Yeast extract peptone dextrose (YPD) 
broth medium (50g/L) (Sigma Aldrich, UK), was added to DI water to make the 
medium in where yeast cells could grow and divide. After preparing the medium, it 
was autoclaved for 21 minutes at T>121C°. After autoclaving, the medium was 
allowed to cool and was emptied in sterilin tubes (Bibby sterilin Ltd., UK) to be 
stored in fridge until used.
Yeast colonies were first grown on agar; this was done by dissolving 1 gram of Agar 
and 5 grams of YPD Broth into 100ml of distilled water. The mixture was then 
autoclaved and distributed into petri dishes which were kept until needed. Yeast 
pellets (Tesco, UK) were grown in YPD Broth (with high concentrations and 
incubation time of 30mins). The cells were spread over the solid agar by dipping a 
sterilised metal loop into the YPD Broth with the yeast and moving the loop in 
zigzag manner over the agar layer, then the loop was dragged across the pattern to 
make another zigzag pattern. Upon incubation for 24 hrs, colonies grew and single
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cells were isolated from the biomass. The resulting colony was kept in the fridge up 
to 2 weeks.
To grow cells for experiments, a sterilised loop was used to pick up yeast from 
colony, then the metal loop was dipped into YPD Broth and incubate for 17hrs (CO- 
150, New Brunswick Scientific, Edison, NJ, USA). Post incubation a sample was 
taken to determine the concentration of cells. Cell counting was performed prior 
doing any experiment. The aim of this count was to know what concentration of cells 
was available to be able to work out the needed concentration for the sample [141]. 
The total number of cells was determined using a Neubauer type hemocytometer 
(Paul Marienfeld GmbH&Co.KG,Lauda-Konigshofen, Germany).
The hemocytometer has a chamber that can be seen under the microscope as shown 
in Figure 3.4. The four big squares on the comers were used to count solutions that 
have low cell concentration, after counting the number of cells in the four large 
squares the cell concentration was calculated using the following equation:
^totai^ cells! ml (3 .2 )
4
Where Ctotai is the total cell count and d is the dilution factor.
The middle big square was used for high cell concentrations by counting cells in five 
diagonal squares. The cell concentration was determined using the following 
equation:
^ ^  cells/ ml (3 3)
O . l X M
25
Where Ctotai is the total cell count and d  is the dilution factor, and n is the number of 
squares used in the counting process.
54
Chanter Three: Ontimisation study Rula Ahdallat
I Big
Squ are 
(Corner)
I Imifi
Figure 3 .3 : The hemocytometer chamber
Once the cell concentration was determined, the solution was vortexed (Rotamixer, 
Hook & Tucker Ltd), and 1ml of yeast/YPD was pipetted into an eppendorf -  this 
number varies according to the cell count-, centrifuged at 1500rpm for 3 minutes. 
The supernatant fluid was pipetted off and the cells were washed twice using D- 
mannitol solution (280 mmol/L) (Sigma Aldrich, UK), this was to make sure that 
YPD and dead cells were washed away. Once the procedure was completed, dilution 
was made to a final cell count of 1x10^ cells/ml.
3.2.3.2 Setting the conductivity o f  PEG solutions
Potassium chloride (KCl) (150 mmol/L) (Fisher Scientific, UK) was used by adding 
small aliquots to set the polymer solutions prepared in section (3.2.1.2) to a final 
conductivity of 7mS/m, the measurement was done using a conductivity meter (470 
conductivity meter, Jenway, UK).
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2.2.3.3 Fabrication o f  the DEP Microelectrode System
The microelectrode geometry used to manipulate cells was the dot system, described 
in Fatoyinbo et.al [33]. This consists of two parallel facing planar electrodes on glass 
substrates, in which the top electrode is a transparent indium tin oxide (ITO) layer 
(Delta Technologies, US) and the bottom electrode is a gold layer comprising 
discrete circular apertures, arranged in an array format.
The thin film gold-coated (200nm) microscope slides with a titanium seed layer 
(20nm) were obtained from the University of Sheffield (EPSRC Centre for III-V 
Technologies). Masks for the circular apertures (150 -  500 pm diameter) were 
designed on commercially available CAD software (CorelDraw) and produced on 
high resolution emulsion film (JD Photo-Tools, UK). Gold slides were cut into the 
dimensions of the mask, cleaned with 70% ethanol and DI water; once the slides 
were dry, they were attached to a photoresist spinner (Headway Research Inc, 
Garland, USA) which was set to 4000rpm and 50 seconds. Several drops of the 
photoresist (Microposit S1813 SP15, Rohm and Haas, UK) were applied and the 
spinner was turned on. When spinning was completed, gold slides were soft-baked 
on a hot plate at 100 °C for one minute; the gold slides were then removed and 
placed in the light box. Care was taken to ensure that the photoresist-covered face 
was kept in contact with the mask. The whole arrangement is shown in Figure 3.5 
below.
Black Barrier
Gold slide
Mask
Photo UV light
Figure 3. 4: Arrangement of mask and glass slide in the fabrication process
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The glass slides were then developed using Microposit 351 (Rohm and Haas, UK) 
which was diluted 1:3 in water. Slides were then hard baked in the oven for 45 
minutes at 90 °C. After hard baking, three solutions were prepared, gold etchant 
(10% potassium iodide (KI) and 2.5% iodine (U)), 18% HCl, and sodium thiosulfate 
(Na2S203) (Fisher Scientific, UK). Gold slides were placed in gold etchant and 
removed once the exposed gold was etched; slides were then placed into Na2S203 
solution and then in DI water to remove any traces left of etchant. Slides were then 
placed in HCl solution to remove the titanium layer from the slide surface and then 
into water to wash away the HCl. The final shape of the fabricated electrodes is 
shown in Figure (3.6) below.
‘  ^Connector
■h.
Figure 3. 5: Electrodes after fabrication process (37.5mm x 25 mm)
(Figure showing dots in the middle of the glass slide while showing four connectors that can 
be connected using conductive epoxy and a wire and then connected to the function 
generator to energise the electrodes, the reason for having more than one conncector was 
that in case of having scratches in the gold)
3.2.3.4 DEP setup and experimental procedure
Many methods were tested to produce a gasket that can preserve the sample while 
DEP and photopolymerisation were done. Layers of Parafilm were cut in the middle 
and placed on the electrode; the set up was placed in the oven for 5 minutes at 45°C 
so that the parafilm was stuck to the electrode. However, that did not work as the 
liquid leaked out. Double-sided sticky tape was also tested which worked, but was 
quite difficult to clean in order to reuse the electrode. Finally, a 300pm thick 
photopolymerizable gasket (Polydiam, photopolymer resin, UK) was made and 
placed on top of the electrode (Figure (3.7)). The gasket acted as a barrier to hold the 
solution in a specific place, and also as a thickness determinant for the hydrogel. The
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gasket had the property that it is sticky, and so the cover slide stuck on it easily when 
performing the experiments.
' iOmm
Figure 3. 6: Sticky photopolymerizable gasket (arrow pointing to gasket)
An indium tin oxide (ITO) (Rs=4-8 O, Delta Technologies, Still water, MN, USA) 
cover slip was used, as it is conductive and can be used as an electrode for the 
electric field, holes were drilled so that an inlet and outlet are formed. A Digimess 
FGIOO function generator (RS, UK) was used to provide a sinusoidal wave with 
20Vp-p and frequency of 10 KHz to the electrodes, which had dot diameters of 150- 
300pm. The frequency was selected by identifying nDEP from dielectrophoretic 
spectra obtained by DEP characterisation techniques. A novel multi-channel 
dielectrophoretic- dot (DEP-Dot) microelectrode array was used to obtain the DEP 
spectrum; the aim from doing this was to pick the frequency at which negative DEP 
is achieved in order to use it in further sections. The system used was the multi­
channel dielectrophoretic dot microelectrode array developed by University of 
Surrey, UK in 2011 [113].
Once the set up was prepared, 450pl of each of the ten polymer solutions (section
3.2.1.2 and 3.2.3.2) and 50pl of the yeast stock solution ( section 3.2.3.1) were mixed 
in an Eppendorf tube, each of the tubes were shaken for few seconds just prior to 
performing the experiment. 50pl of the prepared solution was pipetted into the 
electrode after the cover slip was placed on top. The whole set up was placed under a 
light microscope (Eclipse E400 fluorescence, Nikon, Tokyo) which was connected to 
PhotoLite software by a camera (Photonic science, Cambridge). The software was
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used to take images of experiments as DEP occurred. Figure (3.8) below shows the 
lab equipment set up when performing the patterning experiments.
Figure 3. 7: The set-up of the patterning experiments (microscope, function generator and a pc
to use the photolite software)
Once the microscope was focused, PhotoLite software was set to capture an image 
every 5 seconds for 5 minutes; the image acquisition was started manually once the 
function generator started delivering the AC signal. This process was performed 
individually for each specimen of the polymer solutions, as well as for a control 
specimen made of DI water and yeast cells that had the same conductivity as the 
PEG solutions. Cell movement ratio was calculated for different PEG solutions at the 
same time to see the effect of viscosity on cell movement. The movement ratio was 
calculated using the following equation:
Displacement Ratio
R -  R_ Dot Cluster
RDot
(3.4)
3.2.4 Testing the yiability o f patterned and encapsulated yeast cells in PEG 
hydrogels
The same procedure used in section 3.2.3.3 was used to pattern cells. 5pi of DMPA 
stock solution was added to the Eppendorf containing yeast cells suspended in 15% 
PEG just before performing the experiments. Patterning time was carried out for 4 
minutes in total, 3.5 minutes patterning before applying UV light exposure and 30
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seconds UV exposure while the electric current maintained to the electrodes to make 
sure that efficient patterning was achieved. After the procedure, the resultant 
hydrogel was removed carefully and placed on a microscope slide to count viable 
cells by adding 5pi of a colouring dye trypan blue 0.4% (sigma Aldrich, UK). 
Resultant hydrogels were cultured in D-mannitol solution and placed in the incubator 
at 37 ° (CO-150, New Brunswick Scientific, Edison, NJ, USA) to monitor cell 
viability every 24 hour for 1 week.
3.3 Results
3.3.1 Water percentage experiment
The aim of this experiment was to find the percentage of the water content in a series 
of PEG based hydrogels, and to make observations about the crosslinking and 
peeling ability of the gels produced. The water percentage was calculated by finding 
the difference in weight for each gel concentration in its hydrated and dehydrated 
phase; the assumption was that the difference in weight was due to the loss of water. 
At each concentration of PEG polymers, the weights calculated were the average of 
five experiments, made at the same conditions and same methods. Observations were 
also made about whether the hydrogels were cross linked or not and how easily was 
it to peel the gel without destroying it using tweezers.
It was noticed that all PEG concentrations solutions formed a gel after UV exposure, 
and they were all easily peeled except for the 5-10% PEG solutions, which were 
cross linked but were too brittle to be peeled from the microscope slide. Figure (3.9) 
shows the relationship between the PEG concentrations and the water percentage 
experimentally and theoretically (based on calculations). And Figure (3.10) shows a 
picture of one of the hydrogels produced and it can be seen how the gel is peeled on 
the edges.
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Figure 3. 8: Experimental and Theoretical relationship between water content percentages (vs)
PEG % concentration
Figure 3. 9: Hydrogel obtained after UV exposure
From the above results it was noticed that whenever PEG amount was reduced, the 
water content was higher. Normal tissue consists of high amounts of water inside and 
surrounding cells, the range that was assumed to be used in tissue engineering 
applications was between 5%-30%, as the water percentage in this range was high 
and near to that found in the human body [35]. However, 5-10% were excluded since
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they formed brittle gels, this exclusion took the range down to be from 15%-30% 
PEG.
3,3,2 Efficiency o f performing nDEP on yeast cells suspended in different PEG 
solutions
The characterisation experiment was done using a rapid DEP characterisation 
protocol described elsewhere [113]. The aim of performing this experiment was to 
find the frequency at which yeast cells were subjected to a strong nDEP force, so that 
this frequency would be applied in the DEP efficiency experiment. The protocol 
depends on taking picture for the dot at different times as the electric field is applied 
and then a Matlab program is used to define the changes in light intensity to plot the 
dielectrophoretic spectrum. The spectrum obtained showed that the crossover 
frequency (Fc) appeared at round 70 kHz and so by applying a frequency of lOkHz 
yeast cell were pushed towards centre of the dots Figure (3.11).
0  Yeast In PEG 
■■■Best fit curve1.5
0.5
'70.5 kHz
-2.5
Frequency (Hz)
Figure 3 .10: Dielectrophoretic spectrum of live yeast suspended in 7mS/m DEP solution
The efficiency experiment aimed to find how efficient DEP patterning was for yeast 
cells when suspended in different PEG concentrations. The results showed that rapid 
and efficient nDEP patterning was achieved at solutions with low PEG 
concentrations. Figure 3.12 shows how cells were distributed randomly within the 
dot prior to patterning and how they were patterned in different PEG concentrations
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after 180s towards the centre of a dot when the electric field was applied; from the 
Figure it was noticed that the effectiveness of patterning decreased as the 
concentration of PEG increased.
Figure 3. 11: Yeast patterning at different PEG-DA polymer solutions at 180s using a 200pm  
dot electrode: prior to patterning (Top left); water control (Top right); 10%PEG (Bottom left)
and 25% PEG (Bottom right)
Results showed that PEG solutions in the range of 0%-15% (i.e. 0% is a water 
control sample) had the most efficient nDEP patterning. Other solutions showed very 
slow patterning at 20-25% PEG, and concentrations higher than 25% PEG did not 
show any kind of patterning (See Appendix A for more pictures). This was due to the 
high presence of PEG which resulted in high viscosity of the solutions that opposed 
the DEP force. The efficiency of patterning was measured in terms of finding the 
displacement ratio for cells in different PEG concentrations at different times. The 
average displacement ratio is the quantity describing the packaging efficiency of cell 
aggregates within each dot region, formed due to DEP. This ratio was calculated at 
30 seconds intervals over 3 minutes, based on the measured radius of the DEP 
induced aggregates (averaged over 4 cardinal points) against the dot radius The
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results are shown in Figure 3.13 and the average results are displayed in Figure
(3.14). The highest DEP force and peeling ability was obtained at 15% PEG which 
was used through-out the rest of the studies, since the 5% and 10% PEG were 
excluded from the range as they formed brittle hydrogels according to results 
obtained from section 3.3.1.
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Figure 3 .12: Cell displacement ratio for different PEG-DA polymer solutions at different times
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Figure 3 .13: Average cell displacement (vs.) PEG concentration
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3.3.3 Viability o f yeast cells after patterning and encapsulation within the 
hydrogels
As previously mentioned, 15% PEG solution was used in this experiment. This 
particular concentration was used sinee the results in previous sections showed that 
5-10% PEG hydrogels were brittle, and PEG solutions with concentrations above 
20% did not show efficient DEP patterning. The cell viability was eounted after 
encapsulation since the patterning and UV exposure might cause some harm to the 
cells. From the previous seetions it was found that effieient patterning was about 3.5 
minutes and 30 seconds UV exposure. The resulting hydrogels were maintained in 
D-mannitol solution and incubated at 37 °C. The viability was counted every 241irs 
for one week. Trypan blue was used to identify dead eells from live cells. Figure
(3.15) shows yeast cells after DEP patterning and encapsulation using 15% PEG 
solution.
‘r
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Figure 3. 14: Patterned yeast cells encapsulated in 15% PEG hydrogel
As mentioned before, the viability was monitored by adding 5pi of Trypan blue to 
the hydrogel. Dead eells were coloured blue, while live cells were not coloured. This 
is because live eell plasma membrane selects what compounds pass through it and so 
the dye is not absorbed, on the other hand, dead cells membrane cannot control 
compounds diffusion and Trypan-blue gets absorbed and stains the cell with a blue 
eolour [142]. Table (3.4) below shows the viability of yeast eells after patterning and
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encapsulation in 15% PEG. The viability values showed an initial viability of 
93%±1% at day 1, falling down by 1% at day 2, and reaching a final viability of 
87%±2% at the final day of the observation period.
Figure (3.16) shows patterned yeast eells viability at day 2, 4 and 7, using trypan 
blue staining dye. The arrows points to live and dead cells, and Figure (3.17) shows 
the final shape of the hydrogels after patterning and encapsulating cells inside it.
Day Viability (%)
1 93
2 92
3 92
4 92
5 92
6 90
7 87
Table 3.2: Yeast viability after patterning and encapsulation in 15%PEG hydrogel
(a) (b)
Figure 3. 15: Patterned yeast cells viability at (a) day 2 (b) day 4 and (c) day 7
(in A all cells have a white colour as they were alive and they didn’t allow staining dye In,
while In B &C some cells were dark (black) due to the staining dye colouring the cytoplasm)
66
Chanter Three: Optimisation study Rula Ahdallat
Figure 3.16: Hydrogel containing patterned yeast cells upon removal from electrodes (arrow
pointing to the hydrogel)
3.4 Discussion
One of the main applieations of DEP is cell patterning, however, the effeet of DEP 
force is temporary and will disappear once the electrie field is removed, and so it is 
important to immobilise the cells to maintain them patterned in their desired place; 
this was done mainly by erosslinking agents [30], adhesive proteins [31] or trapping 
cells in constructs made from biomaterials (e.g. PEG-wells) [14]. PEG was chosen as 
it is a synthetic hydrogel that was proven to be biocompatible in terms of not causing 
any harm for the cells eneapsulated in it [143] and its low eonductivity that allows 
DEP force to move the cells [71]. nDEP was used as electrie fields cause joule 
heating and so by pushing cells away from the electrie field the current induced 
heating will be reduced [21], the electrothermal forces ealculated states that for a 
planar electrode geometry using a given low conductivity medium the rise in 
temperature using nDEP will be around 2°C when reaehing steady state. In the case 
presented here, the medium conductivity used was even lower than that used in 
previous work stating that the increase in temperature will be < 2°C, which will have 
to lysis effect on the cells [144].
This work has been performed to identify the optimal conditions for DEP cell 
patterning and hydrogel encapsulation for tissue engineering. It consisted of three 
parts; analysis of the water content percentage in a range of different concentration in 
PEG hydrogels; a study of the efficiency of cell patterning using nDEP and a 
viability study of yeast cells when patterned and encapsulated in PEG hydrogels.
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The water percentage was calculated by finding the difference in weight for each 
PEG concentration in its hydrated and dehydrated phase, with the assumption was 
that the difference in weight was due to loss of water [145]. By analysing the water 
content of various PEG-DA concentrations up to 50% PEG, the results showed that 
as the concentration of PEG-DA increased in the polymer solutions, the water 
content in the polymerised solution decreased in a relatively linear fashion. This was 
in good correlation with the theoretical model in which was assumed that for a 
certain PEG-DA concentration the remaining volume taken up in polymer solutions 
must be water. Previous studies investigating the swelling of PEG solutions in the 
range of 1%-10% concluded that an increase in the macromere concentration led to a 
decrease in the water content [146]. PEG concentrations between 5% and 30% had a 
water content is in line to that of the ECM (>70%), which would favour the 
microenvironment of embedded cells for growth and proliferation [37], though the 5- 
10% PEG-DA could not be used because the hydrogels were found to be brittle upon 
handling and removal from glass substrate. Above 10% PEG concentration, water 
content of the hydrogels was lower and easier to peel of the glass substrate. Gels with 
concentrations >25% were found to be significantly harder than those with 
concentrations <25%. This is likely to be due to the more porous hydrogels [147] 
with < 25% PEG, mimicking in its structure and water content the ECM found in 
living tissues. Hydrogel stability was found to increase with increasing PEG 
concentration thus increasing the viscosity of the polymer solution.
The second set of experiments determined the efficiency of nDEP at patterning yeast 
cells suspended in different PEG solutions. In order to be able to know at which 
frequency nDEP could be obtained it was necessary to do a characterisation 
experiment for yeast cells to know their cross over frequency which is the frequency 
that cells start experiencing pDEP for a given medium conductivity. The 
experimental dielectrophoretic spectra of a homogeneous population of yeast cells 
suspended in 15% PEG with 280mM D-mannitol at 7mS/m showed that the 
frequency at which there is a transition from negative to positive DEP (i.e., cross­
over frequency) is situated at -70.5kHz. As obtaining a strong negative DEP force 
with the current experimental parameters was considered here, a frequency at the 
lower end of the spectrum (10 kHz) was chosen. The effieiency of negative DEP 
(20Vpp, 10 kHz signal) aggregation for yeast cells suspended in different PEG-DA
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polymer solution was then investigated. Results showed that negative DEP 
patterning was achieved at PEG concentrations < 30%, with the negative 
dielectrophoretic force unable to overcome viseous drag forces at PEG 
coneentrations greater than 30%. Yeast cells randomly dispersed within the dot 
aperture were concentrated towards the eentre of the dot under the influence of an 
axi-symmetrical negative DEP force field [33]. The average displacement ratio 
described the packaging efficiency of cell aggregates within each dot region, formed 
due to DEP. This ratio was calculated at 30 seconds intervals over 3 minutes based 
on the measured radius of the DEP induced aggregates (averaged over 4 cardinal 
points) against the dot radius. In general, the displacement values were found to 
increase over time for PEG concentrations less than 30%. At 5% PEG eoncentration 
the displacement over 30seconds was 0.38 reaehing a final value of 0.68 indicating a 
aggregate formation rate of 0.002/s. The rate of aggregate formation in 25% PEG 
concentration between 30 seconds (0.2) and 180 seconds (0.3) was 0.00067/s, a 3- 
fold decrease in the rate of aggregate formation in comparison to 5% PEG. A 
prepolymer PEG concentration between 10% and 15% showed relatively comparable 
displacement ratio values over time (0.57 ± 0.05 at 180 seconds) before exhibiting a 
significant drop in efficiency in 20% PEG to a value of 0.38. The rate of aggregate 
formation between 30 and 180 seconds for 10% PEG and 15% PEG were 0.00133/s 
and 0.00167/s respectively. This can be explained as a cell experiences drag forces 
when moving through a solution, which slows its movement. By considering Navier- 
Stokes law, the velocity of a cell due to a dielectrophoretic force can be seen to be 
influenced by the polymer solutions viseosity [145] . As the viscosity of the PEG- 
DA prepolymer solution increased, the average displacement ratio and hence the rate 
of aggregate formation decreased. From the obtained results it was observed that 
patterning was possible at PEG-DA polymer solution of 5%-25%. Efficient 
patterning was achieved from solutions in the range of 5%-15%, where the aggregate 
formation looked similar to cells patterned in the water control sample. To 
compensate for the brittleness of the formed hydrogel and its ability to retain a high 
water content commensurate with that of in vivo ECM and considering the influence 
of the PEG viscosity on the particle’s ability to form aggregates, PEG-DA at 15% 
was found to represent the best option for encapsulating cell aggregates formed 
through DEP.
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The third study tested the viability of yeast cells after patterning and encapsulation 
within the hydrogels, using the 15% PEG, eell aggregates were formed on the dot 
microelectrode array (3.5 minutes) with negative DEP and photo-polymerised (30 
seconds). Cell viability was assessed after hydrogel formation to determine the 
effects of UV irradiation and free radical formation. The hydrogels were maintained 
in sucrose dextrose solution whieh was replaced with a fresh one every 24hrs and 
incubated at 37 °C. Viability was determined every 24hrs for one week using trypan 
blue to identify dead cells from live cells. The average viability of yeast cells after 
patterning and encapsulation in 15% PEG. With an initial viability of 93%±1% upon 
hydrogel formation, yeast aggregates showed a mean decrease of approximately 3% 
by the 6^  ^day falling to 87%± 2% on the 7* day of observation. The results showed 
that most of the patterned cells were viable; the viability decreased as incubation 
time increased, the lowest viability achieved was 87%, the results may indicate that 
the protocol used to pattern and encapsulates cells did not have any harm or affect on 
the viability of the cells this is mainly because nDEP has been used, the UV exposure 
time was low in comparison to other studies that tried encapsulating cell in PEG, 
with lower doses of photoinitiator [9, 32]. The resulting hydrogel was flexible and 
could be easily peeled from the electrode and be placed on a microscope slide. 
15%PEG showed reliable patterning and encapsulation and maintained the viability 
of eells.
3.5 Concluding remarks
The conditions for using polyethylene glycol hydrogels and dielectrophoresis were 
optimised for the field of tissue engineering. Polyethylene glycol hydrogels were 
chosen because of their favourable properties such as their water content, 
biocompatibility and mass transfer properties.
Three main parameters were investigated, water content percentage in a range of 
PEG solutions, nDEP efficiency when yeast cells were suspended in different PEG 
solutions, and the viability of the yeast cells after patterning and encapsulation in the 
hydrogel. In the range of 5 - 50% PEG solutions, water percentages ranged from 47.4 
- 89 %, all of the solution were crosslinked and easily peeled exeept for the 5% and 
10% which were crosslinked but were fragile. Yeast patterning by nDEP (using a
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special set of dot electrodes), was efficient and possible in PEG ranged from 5-20%. 
Viability of yeast eells was performed on 15% PEG which seemed to be the most 
appropriate in term of water content and DEP efficiency based on the results 
obtained from the first two sections, it was demonstrated that yeast cells remained 
viable after patterning and encapsulation. As a final output, this study showed the 
ability to pattern specific cell type (i.e. yeast) by nDEP using dot electrodes within 
15% PEG hydrogels. All the obtained information can be used in further studies to 
develop multilayered tissue constructs and in cell analysis studies.
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4.1 Introduction
Crosslinking is a reaction where a s polymer stock solution in some eases loses some 
chemical groups by exposure to UV light, variation in pH or temperature, which 
results in covalent bonding between the monomers. When erosslinking is initiated by 
light, the process is called radical photopolymerisation and involves the participation 
of a chemical compound called photoinitiator (e.g. DMPA), which will break down 
to reaetive species once exposed to UV light. These reactive species result in 
covalent bonding between the monomers.
Previous studies have examined the usefulness of PEG hydrogels and DEP in cell 
and tissue engineering applications; those using hydrogel formation via photo­
polymerisation used single point focussed UV beams to polymerise small regions or 
sequential regions at a time [9, 148]. This process raises issues of non-uniform cross- 
linkage in the hydrogel scaffold, and timing issues. To reduce the processing time, a 
eommercially available UV box was used for optimisation needs. However, the box 
used was large, heavy and could not be transferred easily to the mammalian culture 
lab; as well as it was used for other purpose such as printing circuit boards.
In order to overcome these issues, a new, portable UV irradiating enclosure was 
specifically designed to accommodate DEP experiments and to produce a single wide 
area exposure of the polymer suspension within the DEP system for uniform cross- 
linkage of the hydrogel that was built in-house.
This chapter applied the outcomes of the optimisation study on mammalian cell lines 
in order to assess whether mammalian eells can survive the patterning and 
encapsulation process as yeast cells did. It aimed to assess how well cells form 
aggregates that mimic the original tissue in the human body in terms of cells 
interaction, which can be used in drug testing applications.
Two types of mammalian cells were used, K562 (human chronic myelogenous 
leukemia cell line) and HeLa (cervieal cancer cell line). K562 was used first to 
demonstrate the ability to pattern and encapsulate mammalian cells using DEP and 
hydrogel combined protocol that was optimised in the previous study, viability was 
tested for K562 for seven days after encapsulation to see the effect of DEP and 
hydrogel erosslinking on cells. Next, HeLa cells were patterned and encapsulated 
using nDEP and PEG hydrogels. This type of cells was used as it has the ability to 
form spheroids [149], while K562 can not do that. The viability for HeLa cells was
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also tested. All the patterning and encapsulation experiments were done using the 
new designed UV-irradiating DEP box.
4.2 Materials and Methods
4.2.1 Design and specifications o f near-UVIrradiating DEP Box
In order to design the UV box, the problems accompanying the UV sources used in 
previous studies and how could they be eliminated were stated. The major problem 
was that they used single point focussed UV beam, so they had to polymerise small 
regions each time which is time consuming. To overcome the problem, a 
commercially available UV box was used; however, the box could be used for 
optimisation issues as it is big, which consumes a large work space, heavy and hard 
to transport. Aceording to that, a list of specifications needed for the design of the 
new box was defined. The specifieations are listed in Table 4.1.
Specifications
1. Easy to manufacture and repair
2. Light weight material, small dimensions, portable and easy to operate
3. Contains a method to place DEP electrodes inside the box and connect it to the 
function generator without exposing the user to UV light
4. UV wave length used between 360-380 nm, with operating voltage 220-240V
5. Interlock circuit to switch off UV when the door is opened
6. All electronic parts must not be exposed to user
Table 4.1: Design specifîcations for the UV box
The box had dimensions of 150mm x 110mm x 220mm, was made from aluminium 
(a material that combines the strength and the light weight), with two 4W UV 
fluorescent tubes (BET Direct, F4T5BL350) placed inside of the top of the box, 25 
mm above the stage where DEP systems reside. The UV tubes were mounted on to a 
holder, which was attached to a rail system allowing the tubes to be moved forward 
into position, directly above the DEP system, when turned on, and backwards when 
turned off to allow image capture from a mounted camera. Wiring was implemented
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in the box so that the function generator was connected to the sample inside the box, 
without light eseaping whilst on. The box had an interlock connected to the UV 
switch, automatically switching off the UV light if the door was opened. The design 
was done using Solid Edge Drawing software. The next set of Figures (4.1- 4.6) 
show the design of the UV box, the manufactured light box and the sample holder, 
the design of the movable UV holder and the wiring eonnections respeetively. All the 
engineering drawings are listed in Appendix (B).
Figure4. 1: CAD drawing for the proposed design of the UV box
Figure 4.2: Rail and the handle (Left) UV light attach to the rail (Right)
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Figure4.3: Designed UV light box
Figure4.4: Electrode holder Figure 4. 5: UV movable holder
Figure 4.6: Wiring connections, function generator connection to light box (Left) and light box
to electrode (Right)
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The device was able to produce a UV wavelength between 360-380nm; it was small, 
light and easy to move from a plaee to another; which allowed placing it in the 
culture lab. The device was safe to use as an interlock system was implemented 
within to ensure that the user will not be exposed to UV light.
It was important to test the device to make sure that it was able to produce a 
uniformly crosslinked hydrogel. To do so, 1ml of 15% PEG prepolymer solution was 
mixed with 5 pi of DMPA stock solution and pippeted into a defined area made from 
a microscope slide, a 300pm gasket and a coverslip. The UV box was turned on for 
30s using a manual stop watch. Once the exposure was completed, the hydrogel was 
taken out of the box, observed whether it was crosslinked or not, the eover slip and 
the gasket was removed, and a picture was taken of the resultant hydrogel.
4,2.2 Cell culture
Cell lines used in this study were purchased from LGC Standards (Teddington, UK). 
After purchase, cells were distributed into 1ml vials containing culture medium and 
5% Dimethyl Sulfoxide (DMSG), and frozen in liquid nitrogen tanks until needed.
4.2.2.1 K562 cell culture
K562 is a cell line that was first derived in 1975 by Lozzio and Lozzio from a 53 
year old female patient that suffered from chronic myeloid leukaemia [150]. These 
cells were described in their study as being round and non adherent with short 
microvilli on the surface.
To grow this cell line, a culture medium RPMI 1640 solution (Biosera,UK) 
supplemented with 10% heat-inactivated fetal bovine serum (FBS) (PAA, Pasching, 
Austria), 1% L-glutamine and 1% penicillin-streptomycin (Sigma Aldrich,UK) was 
required. Cells were cultured in a humidified incubator (CO-150, New Brunswick 
Scientific, Edison, NJ, USA) at 37°C and 5.0% CO2.
To ensure maximum cell viability, the medium was refreshed regularly, depending 
on cells growing to confluence (a cell population of 5x10^ cells/ml was considered 
confluent). To refresh the medium, 15ml of cell suspension was taken out of the flask 
and placed in a centrifuge tube and centrifuged at 1000 rpm for 5 minutes. 
Supernatant fluid was removed; cells were then re-suspended in 15ml of pre-heated 
fresh medium at 37°C. 5ml of the fresh eell suspension was added to a new T75 flask
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then an extra 20ml of fresh culture medium was added to give a total of 25ml of cell 
suspension (with a cell concentration of 1x10^ cells/ml).
4.2.2.2 HeLa Cell culture
The HeLa cell line is an immortalised cell line that was derived in 1951 from 
Henrietta Lacks, a 31 year old patient that suffered from cervical cancer. This cell 
line is the oldest and most commonly used cell line in research [151].
To grow this cell line, a culture medium Modified Eagle Medium (MEM) solution 
(Biosera,UK) supplemented with 10% heat-inactivated fetal bovine serum (FBS) 
(PAA, Pasching, Austria), 1% L-glutamine and 1% penicillin-streptomycin (Sigma 
Aldrich, UK) was required. Cells were cultured in a humidified incubator (CO-150, 
New Brunswick Scientific, Edison, NJ, USA) at 37°C and 5.0% CO2 in T75 flasks. 
The culture medium was changed every other day. HeLa cells are an adherent cell 
line, which means that cells adhere to one side of the flask. When the cells reached 
70% confluence (cells cover 70% of the surface seen), then they needed to be split. 
To do that, cells were taken out of the incubator, the medium was removed and the 
surface that cells are growing on was washed with phosphate buffer saline (PBS- w/o 
Mg, w/o Ca), cells were then trypsinized in the incubator for 4 minutes using 2ml of 
Trypsin/EDTA (Sigma.Aldrich,UK), the trypsin effect was neutralised by adding 2 
ml of fresh medium, a cell count was done and then the cell suspension was 
centrifuged at 1200 rpm for 7 minutes. Supernatant fluid was removed; cells were 
then resuspended in 4 ml fresh medium after being heated at 37°C in a water bath. 
Cells were reseeded at 16x10"^  cells/ml in each flask.
4.2.3 Patterning and encapsulation experiments
The experimental work carried out in this study was performed in order to find 
whether the optimisation protocol developed in chapter three was applicable to 
mammalian cells.
4.2.3.1 Hydrogel-polymer solution
The polymer stock solution prepared in this section was used for both K562 and 
HeLa. 8.5% sucrose and 0.3% dextrose were dissolved in DI water. 15% PEG-DA 
polymer solution was prepared using PEG-DA and the sucrose-dextrose solution. 
The conductivity was set using aliquots of KCL solution described previously in
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section 3.2.3.2. The conductivity of the polymer solution was set to 7mS/m using a 
conductivity meter (Jenway 470, Bibby Scientific Ltd., Staffordshire,UK).
4.2.3.2 K562 Patterning, encapsulation and viability experiment 
Photopolymerizable gaskets were prepared and attached to the electrodes; the ITO 
cover slips were also located in place as shown in Figure 4.7.
The frequency applied was determined using characterisation work done on K562 
cells at the Centre of Biomedical Engineering, University of Surrey. DEP spectra 
obtained (see page 82) showed that the crossover frequency (F j for K562 cell line 
appeared to be at approximately 25 kHz, so that a frequency below that produced 
nDEP. The function generator was set to generate a sine wave of 20Vp.p and 10 kHz. 
The same procedure mentioned in section 3.2.4 was followed with one difference; 
the light box used was substituted with the UV irradiating DEP box presented in 
section 4.2.1. To perform the experiment, a cell count was made to determine the 
dilutions required for a cell count of IxlO^cells/ml. Cells were then washed twice 
using 8.5% sucrose 0.3% dextrose medium, the supernatant fluid was removed, and 
cells were re-suspended in 15% PEG-DA polymer solution. 5pi of DMPA 
photoinitiator was added to the polymer solution prior performing patterning and 
encapsulation, and 50pl of the solution was pippetted into the electrode. After cells 
were patterned by DEP force (3.5 minutes), the polymer solution was then exposed 
to UV light for 30 seconds. The resultant hydrogels were peeled off the electrodes 
after removing the electrode from the light box and were kept in sucrose-dextrose 
solution for 7 days while the viability of the cells was observed every 24hrs as 
explained in section 3.2.4.
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to
Figure 4.7: Electrode setup
4.2.33 HeLa patterning, encapsulation and viability experiment 
The same experimental procedure described in section (4.2.3.2) was followed, except 
that the function generator was set to generate a sine wave of 20Vp.p and 5 kHz. The 
frequency was different because the characterisation DEP spectrum for HeLa showed 
that the crossover frequency appeared at 10 kHz approximately (see page 85). Hence, 
taking a 5 kHz signal was sufficient to provide a strong nDEP force that pushed the 
cells towards the centre of the dots. To perform the experiment, Hela cells were 
trypsinised, and a cell count was made to determine the dilutions required for a cell 
count of IxlO^cells/ml. Cells were then washed twice using 8.5% sucrose 0.3% 
dextrose medium, the supernatant fluid was removed. Cells were re-suspended in 
15% PEG-DA polymer solution, and a 5pl of DMPA photoinitiator was added to the 
polymer solution prior performing patterning. 50pl of polymer solution was then 
pippetted into the electrode, patterning was achieved 3.5 minutes after the signal was 
applied and then the solution was exposed to UV light using the light box described 
in section 4.2.1. The resultant hydrogels were kept in an incubator for seven days; the 
viability of cells was observed everyday as explained in section 3.2.4.
4.2.3.3 Cell- Cell interaction observation
In order to test the cell interaction between encapsulated HeLa cells, HeLa cells were 
patterned and encapsulated in PEG hydrogels using methods described in section 
4.2.3.3. Two separate sets of hydrogels were made; one was kept in sucrose-dextrose 
solution and the other set was kept in complete culture media. Hydrogels were 
observed for the period of one week and pictures were taken to observe whether cells 
will adhere and connect to each other or not.
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4.3 Results
4.3.1 UV Irradiating DEP Box
In order to assess the success of the designed UV box, a trial was done to crosslink a 
hydrogel made from 15% PEG-DA polymer solution. 30 seconds after UV 
exposure, the solution was crosslinked and a uniformly crosslinked gels was obtained 
(Figure 4.8). As can be seen, the resultant hydrogel was formed successfully and the 
device was deemed successful, as there was no need to re-expose the solution to UV 
light more than one time.
Hydrogel
lOmm
Figure4. 8: Crosslinked hydrogel using the designed light box (arrow pointing to hydrogel) 
4.3.2 K562 patterning, encapsulation and viability results
As described in chapter three, a 15% PEG solution was found to be the best option in 
terms of efficient nDEP trapping, erosslinking and maintaining cell viability; hence, 
it was used in this experiment. The cell viability was counted after encapsulation to 
establish whether the patterning and UV exposure caused harm to the cells. From the 
previous sections it was found that efficient patterning was about 3.5 minutes and 30 
seconds UV exposure. The resultant hydrogels were maintained in 8.5% sucrose, 3% 
dextrose solution and incubated at 37 °C and the viability was counted every 24hrs 
for one week. Trypan blue staining was used to identify dead cells from live cells. 
K562 were patterned by nDEP in a 15% PEG-DA polymer solution with a medium 
conductivity of 7mS/m using a sine wave of 20Vp-p at a frequency of 10 kHz. The 
frequency applied was deteimined from DEP characterisation spectra obtained at the
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University of Surrey. Figure 4.9 shows the DEP spectrum for normal healthy K562 
obtained using well electrodes, where the arrow points to the crossover frequency. 
Patterning was carried out for 3.5 minutes before UV light was turned on for 30 
seconds. Figures 4.10 and 4.11 show K562 cells patterned and eneapsulated in a 15% 
PEG hydrogel at different magnifications. The resultant hydrogels were then peeled 
from the electrodes and kept in 8.5% sucrose, 0.3% dextrose solution to maintain cell 
viability. The viability was observed every 24 hrs for the period of 7 days.
The viability was monitored by adding 5pi of Trypan blue to the hydrogel. Dead 
cells were stained in blue while live cells were not stained, this is because live eells 
plasma membrane selects what compounds pass through it and so the dye is not 
absorbed. On the other hand, the membranes of dead eells become permeable, and 
cannot control compound diffusion, and so the stain gets absorbed and the cell 
appears with a blue colour. The average viability results for four experiments using 
patterned and encapsulated K562 (Figure 4.12) showed a viability of 97%±1% at day 
1, decreased by about 5% at day 7. Figure 4.13 shows K562 cells viability at days 1 
and 7, the arrows points to live and dead cells.
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Figure4.9: DEP spectrum for healthy K562 control (the arrow points the Fc~ 25kHz)
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Figure 4.10:K562 cells before and after being patterned in a 500pm dot electrode using nDEP
and 15% PEG hydrogel
Ÿ
# I ■'
• • .
* 4 m, * #
Figure 4.11: K562 cells patterned and encapsulated in 15% PEG hydrogel
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Figure 4.12: Average results for the viability of K562 cells in 15% PEG hydrogels
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Figure 4.13: K562 viability assessed using trypan-blue dye (a) day 1, (b) day 7
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4.33 HeLa patterning^ encapsulation and viability results
The optimisation protocol described in chapter 3 was tested on yeast and K562 eells. 
Yeast cells served as a test for the optimisation protocol as they were easy to grow 
and can survive in aqueous medium. This optimisation protocol was then tested using 
mammalian cell lines. The K562 cell line was chosen because it was easy to grow, is 
well-characterised by DEP and gave a large number of eells in a very short time. 
However, K562 is a suspension eell line and so cells did not adhere to each other and 
interaction between cells was not seen. The K562 also showed that the patteming- 
encapsulation protocol could be used on mammalian cells. The next step was to try 
the protocol on adherent mammalian eells; the HeLa cell line was picked as it is a 
widely used example of an adherent mammalian cell type with the cells ability to 
form interactions and aggregates. The frequency at which this cell line experienced 
nDEP was taken from characterisation experiments performed at the Centre of 
Biomedical Engineering at the University of Surrey. Patterning was performed by 
energising the electrodes at 5 kHz, 20Vp-p for 3.5 minutes, and then patterned cells 
in the suspending polymer solution were exposed to UV light using the light box 
mentioned previously. DEP characterisation spectrum for HeLa (Figure 4.14) 
showed that the crossover frequency appeared at Fc~ lOkHz, and so a signal of 5kHz 
allowed nDEP cell patterning (Figure 4.15). The UV box described in section 4.2.1, 
the patterned cells were encapsulated in 15%PEG (Figure 4.16).
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Figure 4.14: DEP spectrum obtained for HeLa cells (the arrow point to F^  ^ lOkHz)
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Figure 4.15: Patterned HeLa cells in 15% PEG
350pm
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Figure 4.16: Patterned and encapsulated HeLa cells in 15%PEG hydrogel using a 350pm dot
electrode
The viability of cells was monitored for a period of 7 days; for which the number of 
dead cells was counted in each cluster. Each cluster of cells had an average cell 
number of 110±7 cells; the number per each cluster was done by taking counting 
cells at three different levels at the same dot from top to bottom. Resultant hydrogels 
were maintained using the sucrose- dextrose medium. The number of dead cells in 
one cluster was counted and the average of three experiments was calculated. The 
average viability results for three experiments using patterned and encapsulated 
HeLa cells (Figure 4.17); which shows the viability to be 99%±1% at day 1 of 
observation falling down to 88%± 2.65% at the last day of the observation period.
87
Chanter Four: Cell cluster formation Rula Ahdallat
HeLa Viability
110% n
100%  -
w
O 90% -
Si
0 0)180% -70% -o
CL
60% -
50%
0 1 2 3 84 5 6 7
Days
Figure 4.17: Viability results for HeLa cells patterned and encapsulated in 15% PEG
4.3.4 Cell interaction
As described earlier, HeLa is an adherent cell line; this means that cells would adhere 
to the surface they are in contact with, as well as to each other. The sucrose dextrose 
medium was used in order to supplement the patterned, encapsulated cells with 
sugars that will allow maintaining cells survival. In this part the same procedure of 
patterning and encapsulation was done, two separate sets of hydrogels were made; 
one set was incubated in sugar medium described in the previous section while the 
other set was kept in normal culture medium.
Patterned cells in both sets of hydrogels were observed with pictures taken for the 
cells every 24 hrs. HeLa cells have non-round morphology when they are in resting 
phase. Once passaged, cells become rounded due to the effect of trypsin. During the 
patterning and encapsulation cells would be rounded as the trypsin would cleave the 
proteins bonding the cells to the surface. Figure 4.18 shows HeLa cells growing on a 
surface of a T75 flask.
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Figure 4.18: Cultured HeLa cells on a surface of a T75 flask
It was observed that cells in a hydrogel maintained in sucrose dextrose medium did 
not show any kind of cell interaction over the period of observation (Figure 4.19 A). 
Pictures were taken for cell aggregates every 24 hrs over the period of observation 
which was one week and all the pictures did not show any kind of adhering of cells 
as cells maintained a rounded shape. On the other hand, aggregates in hydrogels 
which were maintained in normal culture medium did show cell interaction after 7 
days of incubation (Figure 4.19 B), this was seen as cells went under morphology 
change and developed interactions with adjacent cells.
89
Chapter Four: Cell cluster formation Rula Ahdallat
A a
O
. ©
of:
(k
♦ i
'0
ISOfim
B
m. ^  %
ISO gm  ■ -   — :
Figure 4.19: Patterned HeLa cells in 15% PEG hydrogels after 7 days of incubation, ( A: in 
sugar medium) and (B: in culture medium which shows a change in cell morphology and cells
adhering to each other)
4.4 Discussion
The experimental work canied out in this study has been performed in order to find 
whether the optimisation protocol developed in chapter three is applicable to 
mammalian cells. The work consisted of testing two cell types; K562 and HeLa. 
Cells were suspended in 15% PEG-DA polymer solution, patterned using nDEP then 
encapsulated using photpolymerisation. The viability of the patterned cells was 
measured using the same protocol for viability assessment used in the previous 
chapter.
The patterning- encapsulation procedure performed in the previous chapter involved 
using a commercial UV light box. This light box had many limitations, such as its 
large size and heavy weight in which it consumed a large area of the work space, and 
it required special load handling when moving it from a place to another. The main 
issue raised from the fact that dealing with mammalian cells requires a certain degree 
of sterilisation and so it was hard to deal with the conventional light box as it has a
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large size. The whole purpose from using the light box was to emit uniform UV light. 
Previous literature had mentioned the ability to get a uniform UV exposure when 
encapsulating cells as a major limitation for immobilization which resulted in getting 
hydrogels that were more crosslinked in some areas than other [9], hence, the light 
box was used. A new UV box was designed and manufactured at the workshops of 
University of Surrey. All the basic specifications were taken after looking on the 
operation of the conventional UV light boxes. It was made from aluminium, with UV 
tubes placed on the inside of top of the box which emits a UV light of wavelength 
360-380nm, the UV light holder had an adjustable rail that could be moved so that 
UV is positioned perpendicular to the sample, wiring was implemented in the box so 
that the function generator could be connected to the sample inside the box. It also 
has a sample holder to hold the sample with a distance of 3 cm away from the UV 
light. The box had an interlock connected to the UV switch so whenever the door is 
opened the UV light will automatically switch off.
The device was able to produce uniformly crosslinked hydrogels. Its light weight, 
small size, ability to be sterilised (by spraying the outer surface with ethanol while 
the inner cavity can be sterilised by turning on the UV light for few minutes), as well 
as obtaining the desired output from the new box allowed the next stage to be 
performed; which was the application of the optimised protocol on mammalian cell 
lines.
K562 cell line was selected first as it is a robust cell line, it was widely characterised, 
easy to deal with and produce a large population in a short time. K562 cells were 
patterned using nDEP using an electric field of 20Vp-p at lOkHz. The frequency was 
picked as characterisation spectra obtained for K562 showed that the crossover 
frequency appeared at around 25kHz for low conductivity solutions. lOkHz signal 
was picked as at this frequency a strong nDEP force affected the cells. Cells were 
positioned at the middle of the dots then exposed to UV light using the new designed 
light box. The whole patterning then encapsulation was carried out inside the new 
light box. Viability results for patterned and encapsulated K562 cells showed that 
DEP patterning and encapsulation within 15% PEG hydrogels did not affect the cells 
viability over the observation period. K562 cells were more robust, with a mean 
viability of 97% on the first day dropping to means of 95% and 93% on the 6^  ^ and 
7* day respectively. The results showed that most of the patterned cells were viable;
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the viability decreased as incubation time increased, the results may indicate that the 
protocol used to pattern and encapsulates cells did not have any harm or affect on the 
viability of the cells this is mainly because nDEP has been used, the UV exposure 
time was low in comparison to other studies that tried encapsulating cell in PEG, 
with lower doses of photoinitiator [9, 32]. The use of the DEP The resulting hydrogel 
was flexible and could be easily peeled from the electrode and be placed on a 
microscope slide. However, K562 is a suspension cells line which means it the lacks 
the surface proteins that allows the cells to attach the cells together or to the surface. 
Another cell line that has the ability to form structures and cell-cell interactions had 
to be found.
The HeLa cell line was chosen at it has the natural ability to form spheroids. This cell 
line is an adherent cells line; which means that the cells by nature have the tendency 
to adhere to the surface, and to each other. Viability testing was carried with same 
method used for K562 and yeast; results showed that the optimised protocol worked 
for HeLa as cells maintained 88% ± 2.65% one week post patterning and 
encapsulation. Exposing cells to electric field and UV light is known to cause some 
harm and fatigue to cells [21]. Cell interaction was tested by allowing the cells to get 
the nutrients sufficient for growing i.e. essential amino acids and sugar, so a set of 
hydrogel was maintained in normal culture medium. 7 days post incubation cells 
showed a change in morphology which looked like normal HeLa cultured in culture 
flasks.
The outcomes of this study ensured the ability to use 15% PEG hydrogel combined 
with nDEP and the UV-irradiating DEP box on mammalian cells lines and for cells 
aggregates which would be studied in drug testing applications in the following 
chapter.
4.5 Concluding remarks
This chapter examined the outcomes of the optimisation study perfomed in chapter 
three on mammalian cell line and studied the viability and cell interactions. This 
chapter also presented a novel built-in UV irradiating DEP box that was designed 
and purpose made to be used with mammalian cells. The proposed system allowed 
forming uniformly crosslinked hydrogels using a UV-irradiating DEP box that
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allowed performing DEP experiments and crosslinking in a more sterile 
environment.
15% PEG which seemed to be the most appropriate in term of water content and 
DEP efficiency based on the results from chapter three and was used to encapsulate 
K562 and HeLa cells after patterning them using nDEP. Results obtained showed 
that the designed UV box enable the user to perform patterning and encapsulation in 
easy, sterile and comfortable manner, the results confirmed the ability to use nDEP 
with the proposed hydrogel as viability results showed a maintained cell survival and 
enabling cell interactions which confirms the inertness of the system. All the 
obtained information can be used in cell analysis studies.
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Chapter Five
^Effect o f  Vinblastine chemo-therapeutic drug on HeLa cells 
patterned and encapsulated in PEG hydrogels using negative
dielectrophoresis ^
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5.1 Introduction
In vitro 3D model development has been brought into focus in order to develop a 
system that can resemble the natural living tissue without the need for animal 
models. In comparison to 2D models, 3D cell culture can mimic cell-cell and cell- 
ECM interactions which affect disease progression and drug effects on cells. The 
objective of this chapter was to test the effect of vinblastine (a widely used chemo­
therapeutic agent) on the survival and proliferation of patterned and encapsulated 
HeLa aggregates. This was done in order to see the response of cell aggregates 
created by nDEP and immobilized in PEG hydrogels in comparison to cells in 
monolayers. The cell survival was measured after 3hr incubations at different 
concentrations of the drug, and the progression of drug was measured 48hrs post 
treatment for all drug concentrations used.
5.2 Methods and materials 
5.2.7 HeLa cell culture
The culture method was previously mentioned in Chapter 4. In summary, cells were 
cultured in Modified Eagle Medium (MEM) solution (Biosera,UK) supplemented 
with 10% heat-inactivated fetal bovine serum (FBS) (PAA, Pasching, Austria), 1% 
L-glutamine and 1% penicillin-streptomycin (Sigma Aldrich, UK). Cells were grown 
in T75 flasks and maintained in a humidified incubator (CO-150, New Brunswick 
Scientific, Edison, NJ, USA) supplied with 5.0% CO2 95% air humidified 
atmosphere at 37 °C. The culture medium was changed every other day and when 
cells reached 70% confluence, they were split using the same procedure explained in 
section 4.2.2.2.
5.2.2 Vinblastine preparation
Vinblastine is an anticancer chemo-therapeutic agent, which interferes with the cell 
ability to divide leading to cell death. Vinblastine sulphate salt powder >96% (Sigma 
Aldrich,UK) was dissolved in sterile filtered distilled water (lOmg/ml) to make up a 
stock solution of 1 ImM. The stock solution was distributed in Eppendorf tubes, each 
tube containing lOOpl, and stored in -20C° freezer until used. At the day of the 
experiment, the stock solution was diluted in complete HeLa growth medium to
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make up four different concentrations of llpM , 1.1 pM, 0.1 pM and 27.5nM. These 
concentrations were picked based on previous work done using this drug [17, 152].
5.2.3 Outline o f experiment
The aim of the study was to assess the effect of vinblastine; a commonly used 
anticancer drug, on 3D cell aggregates formed using nDEP and PEG hydrogels, and 
compare its effect to cells represented in 2D monolayer. The four different drug 
concentrations were labelled; concentration 1 (11 pM), concentration 2 (1.1 pM), 
concentration 3 (0.1 pM) and concentration 4 (27.5nM).
The drug study consisted of measuring the drug effect on 3D cell aggregates and 2D 
monolayer before, after drug incubation and post treatment (Figure 5.1). Patterning 
and encapsulating aggregates of HeLa cells using nDEP and 15% PEG hydrogels 
was done by following the same procedure performed in section 4.2.2.2. Briefly, 
photopolymerizable gaskets were prepared and attached to the electrodes; the ITO 
cover slips were also placed in place. The function generator was set to apply a 
5kHz, 20Vp-p signal. All connections were checked before starting the experiment. 
The UV irradiating box (described previously in chapter four) was used to perform 
the encapsulation. Hela cells were trypsinised, and a cell count was made to 
determine the dilutions required for a cell count of IxlO^cells/ml. Cells were then 
washed twice using 8.5% sucrose 0.3% dextrose medium, the supernatant fluid was 
removed, and cells were re-suspended in 15% PEG-DA polymer solution. 5pi of 
DMPA photoinitiator was added to the polymer solution prior performing patterning 
and encapsulation, and 50pl of polymer solution was pippetted into the electrode. 
After 3.5 min of applying the electric field, cell patterning was achieved by nDEP 
force, and then exposed to UV light for 30 seconds. The resultant hydrogels were 
peeled off the electrodes after removing the electrode from the light box, and were 
kept in well plates containing complete growth medium solution for 5 days until cells 
recovered from the patterning and encapsulation process as well as having the 
opportunity to develop cell-cell interaction. Five different sets of hydrogels, four for 
drug testing and one for control, were made. Each set was used to obtain 24 results 
taken from different hydrogels made using the same conditions. Each set of 
hydrogels was made from cells collected from a cell source flask. On the day of the 
experiment, hydrogels were removed from the well plates, 5pi of T-blue dye was
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added to each hydrogel in order to identify viability; hydrogels were placed on 
microscope slides and pictures were taken for different dots in each hydrogel. Once 
that was done, hydrogels were placed in new well plates containing grovHh medium 
mixed with the drug and placed in the incubator (5% CO2, 37C °) for 3hrs. After 3 
hours, the medium was removed; hydrogels were placed in fresh grovsdh medium 
containing no drug. T-blue viability tests were performed using the same procedure 
mentioned previously, and pictures were taken for the same dots before and after 
drug treatment.
The second part was performing the drug testing on monolayers of cells, on which 
current drug testing methods rely on. For 2D monolayer experiments, six T75 flasks 
were used to seed HeLa cells taken from the same source used to make each set of 
hydrogels. The bottom for each flask was marked with a permanent pen to define an 
area that will help in counting cells before and after drug treatment (Figure 5.2). 
Cells were seeded in each flask at 16x10"^  cells/ml. The medium was changed every 
other day until the day of the experiment. For each drug concentration, pictures were 
taken for the area identified with the permanent marker; the growth medium was then 
replaced with a 16 ml of medium containing the drug. The flask was then incubated 
for 3hrs. Once the incubation time ended, the drug solution was removed; the surface 
was washed with fresh medium to remove any traces of vinblastine. Fresh medium 
was placed and pictures were taken for the same area identified previously. On the 
same identified area mentioned previously, a cell count was performed to identify 
cell viability by comparing cell counts before and after treatments.
Following this, both monolayers and hydrogels were incubated for 48hrs to see if 
there is any effect post vinblastine treatment. The same process was done with taking 
pictures for the same areas and dots identified previously. Table 5.1 summarizes the 
steps done to perform each drug concentration experiment. Steps mentioned in the 
table were repeated for each concentration, while control experiments involved all 
steps performed earlier except the ones that involve adding the drug.
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conc.2conc.1 conc.3control conc.4
i3D 2D3D 2D
3D 2D
3D 2D 3D 2D 3D
Before exposure 
(count then add drug)
After 3hrs incubation 
(remove drug, wash then count)
48hrs post treatment 
(count)
Figure 5.1: Drug testing experiment outline
Figure 5. 2: Bottom surface of a T75 flask with defined area marked by a permanent pen
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S t e p A g g r e g a t e s M o n o l a y e r
1 P r e p a r e  e le c t r o d e s  a n d  c h e c k  c o n n e c t io n s ,  s e t  F G  
o u tp u t  to  5 k H z , 2 0 V p - p
M a r k  b o t to m  o f  f l a s k  to  d e f in e  a n  
a r e a
2 C o l l e c t  c e l l s  l x l ( f  c e l l s /m l  a n d  r e s u s p e n d  in  1 5 % P E G -  
D A  p o l y m e r .
S e e d  c e l l s  ( 1 6 x 1 0 ^  c e l l s /m l)  ( c e l l  
s o u r c e  t a k e n  f r o m  th e  s a m e  f l a s k  
u s e d  to  c o l l e c t  c e l l s  f o r  a g g r e g a te s )
3 P e r fo r m  p a t t e r n i n g  a n d  e n c a p s u la t io n ,  p l a c e  h y d r o g e l s  
in  w e l l  p la t e s ,  c h a n g e  m e d iu m  e v e r y  o th e r  d a y  u n t i l  
d a y  o f  e x p e r im e n t
C h a n g e  m e d iu m  e v e r y  o th e r  d a y  
u n t i l  d a y  o f  e x p e r im e n t .
4 O n  d a y  o f  e x p e r im e n t ,  p e r f o r m  c e l l s  v ia b i l i t y  t e s t V ia b i l i ty  t e s t  p e r f o r m e d  o n  a r e a  
d e f i n e d  in  s t e p  1
5 P la c e  h y d r o g e l s  to  w e l l  p l a t e d f i l l e d  w i th  g r o w th  
m e d iu m  c o n ta in in g  d r u g
R e m o v e  g r o w t h  m e d iu m ,  a n d  
s u b s t i t u t e  w i th  g r o w t h  m e d iu m  
c o n ta in in g  d r u g
6 I n c u b a te  f o r  3  h o u r s  t h e n  p l a c e  h y d r o g e l  in  f r e s h  
g r o w th  m e d iu m
I n c u b a te  f o r  3 h r s , r e m o v e  d r u g  
th e m  w a s h  w i th  f r e s h  m e d iu m
7 V ia b i l i t y  t e s t  o n  t h e  s a m e  d o t s  u s e d  in  s t e p  4 V ia b i l i ty  t e s t  o n  s a m e  a r e a  u s e d  in  
s t e p  4
8 I n c u b a te  f o r  4 8  h r s
9 V ia b i l i ty  t e s t  ( s a m e  a s  s t e p  4 a n d  7)
Table 5.1: summary of steps when performing vinblastine drug experiment on aggregates and
monolayer
5.3 Results
5.3.1 Viabilities o f aggregates and monolayer controls
As explained in the materials and methods section, cells were first counted to 
determine the amount of cell suspension needed for a cell concentration of 1x10^ 
cells/ml. Figure 5.3 shows an example of a cell count done before performing the 
experiment, to measure the available concentration in source flasks. Once that was 
done, cells were patterned to form aggregates then immobilized (Figure 5.4 (A)), and 
others were seeded into a new flask to create the monolayer part of the experiment 
(Figure5.4 (B)).
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n
Figure 5.3: HeLa cell count using a haemocytometer chamber
Figure 5.4: Control sample ((A): HeLa aggregates (B): HeLa monolayer)
Results showed that after 5 days post patterning and encapsulation, comparing 2D 
monolayer cells and cells in 3D aggregates showed no significant difference in 
viability values (Figure5.5 A). All statistical analysis was performed using SPSS 
statistics 19 (IBM,USA). The hypothesis assumed that values for aggregates and 
monolayer for the control sample are the same. The Mann-Whitney U test was used 
as it examines the difference between two separate samples. The hypothesis test 
summary showed that the significance value was 0.131 which confirmed that the two 
samples had no difference between them.
100
Chanter Five: Dru^ study Rula Ahdallat
B
Hypothesis Test Summary
Null Hypothesis Test Sig. Decision
Independent-
The distribution of aggregate control Samples Retain the
1 vs monolayer control is the same Mann- .131 null
across categories of source. Whitney U 
Test
hypothesis.
Asymptotic significances are displayed. The significance level is .05.
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Figure 5. 5: Statistical analysis and results for viability obtained from aggregate control and
monolayer
The viabilities between the controls for 2D and 3D aggregates were plotted (Figure 
5.5 B), the plot confirmed the statistical analysis of having no difference, since the 
viability values for all experiment for 2D were in line with those obtained from 3D 
cell aggregates.
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The viabilities were compared between the controls for 2D and 3D aggregates, to 
that of monolayer and hydrogels before drug treatment (Figure 5.6). Results showed 
that all data points plotted where in the range between 92-100%. The results 
confirmed that there was no difference between the control sets and the sets used for 
drug testing.
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e before conc.2 2D
+ before conc.3 3D
• before conc.3 2D
‘ - before conc.4 3D
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Figure 5. 6: Results of all control experiments and drug experiment prior to adding the drug 
(Each point on the x-axis represents a single experiment)
5.3,2 Vinblastine treatment results
Concentrations 1-4 used were llpM , 1.1 pM, 0.1 pM and 27.5nM respectively. 
Statistical analysis was performed in order to confirm the hypothesis made in which 
the effect of the drug will differ in 2D monolayer to that in 3D cell aggregates.
5.3.2.1 Effect o f  11 fiM vinblastine on monolayer and aggregates cell viability
Concentration one (llpM ) was the highest concentration used. The null hypothesis 
tested for statistical analysis assumed that the results should be the same after drug 
treatment for 2D and aggregates. Results of the analysis based on the viability test
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performed rejected the null hypothesis and concluded that results for 2D and 3D 
aggregates were different (Figure5.7) with p-value equal to zero.
Pictures taken for 2D monolayer showed that cells attached to the surface of the flask 
went under shape changes after 3hrs incubation with the drug; in which cells looked 
healthy and normal before treatment and seemed to have a damaged membrane and 
were hard to distinguish under the microscope (Figure 5.8).
The viability of 3D aggregates showed a decrease by about 14% in comparison to the 
viability results before treatment. Trypan blue staining was used to identify dead 
cells from live cells, the number of dead cells compared to live cells was counted 
before and after drug treatment (Figure 5.9).
To assess the progression of the drug effect, hydrogels containing 3D aggregates and 
monolayer flasks were maintained in complete HeLa growth medium containing no 
drug, for 48hrs. Observations made with pictures taken for 3D aggregates and 
monolayer (Figure 5.10), showed that the drug effect persisted, as 30% of cells in 3D 
aggregates were stained with trypan blue dye, while for 2D monolayer flask, hardly 
any cells were seen reflecting high percentage of dead cells ~ 82%±2.5.
Plotting the results for 24 single experiments for 2D monolayer and 3D aggregates 
before, after incubation and 48hrs after removal of the drug (Figure 5.11), showed a 
drop in viability for both 3D aggregates and 2D monolayer. The viability of 
monolayer and aggregates were the same before the drug was applied, after 
incubation of the drug the viability dropped by about 60% for 2D compared to a drop 
value around 20% for 3D aggregates.48hrs post treatment viability dropped again to 
reach an average mean viability of 18%±2.5 in 2D monolayer compared to mean 
viability of 71%±5.7 in 3D cell aggregates.
The average viability values for the experiments were plotted in a bar chart (Figure 
5.12), which showed that the viability for 2D monolayer dropped 3hrs after drug 
incubation, and the drug had a prolonged effect which took the viability further down 
48hrs post drug removal. This was compared to the effect of the drug 3D aggregates 
which had a drop in viability but did not reach the same effect caused on monolayer.
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Hypothesis Test Summary
Null H ypothesis T est S ig . D ecision
Independent-
The distribution of 2D after vs 3D Samples Reject the
1 after is the same across categories Mann- .000 null
of identifier. Whitney U 
Test
hypothesis.
Asymptotic significances are displayed. The significance level is .05.
Figure 5.7: Statistical analysis results comparing results between 2D and aggregates after drug
treatment with concentration one
After 3hrs incubation in drug
Figure 5. 8: Monolayer view before and after applying vinblastine at I IpM  
(Cells showing a change in morphology after incubation in drug, where membrane become not 
smooth, also cells count show a drop in number due to dead cells been washed away)
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Figure 5.9: Aggregate picture before and after 3hrs incubation in vinblastine at llp M
(Arrows pointing to dead cells)
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Figure 5.10: Aggregate and monolayer 48 hrs post applying vinblastine at llp M  
(Arrows indicating dead cells)
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Figure 5.11: Viability results for vinblastine drug testing (concentration 1)
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Figure 5. 12: Average results of 24 experiments made using 11 pM on aggregates and monolayer
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53.2.2 Fffect o f 1.1 juM vinblastine on monolayer and aggregates cell viability
Results obtained ftom experiments done using concentration two (LlpM ) were also 
tested using Mann-Whitney U-Test, the null hypothesis tested for statistical analysis 
assumed that the results should be the same after drug treatment for 2D and 
aggregates. Results of the analysis concluded that results for 2D and 3D aggregates 
were different with p-value equal to zero. Pictures taken for 2D monolayer showed 
that cells attached to the surface of the flask went also under shape changes after 3hrs 
incubation with the drug (Figure 5.13).
The viability of 3D aggregates decreased to a mean value of 87%±2.9 with a 
decrease of 10% in comparison to the viability results before treatment. The number 
of dead cells compared to live cells in aggregates was counted before and after drug 
treatment (Figure 5.14).
The drug effect progression was also measured, observations made with pictures 
taken for 3D aggregates and monolayer (Figure 5.15), showed that the drug effect 
persisted such as it did in concentration one, 20% of cells in 3D aggregates were 
stained with trypan blue dye, while for 2D monolayer flask 70% of cells were 
detached from the surface.
The results for 24 single experiments for 2D monolayer and 3D aggregates before, 
after incubation and 48hrs after removal of the drug (Figure 5.16), showed a drop in 
viability for both 3D aggregates and 2D monolayer. The viability of monolayer and 
aggregates were in line before the drug was applied, after incubation of the drug the 
viability dropped by about 50% for 2D compared to a drop value around 10% for 3D 
aggregates. 48hrs post treatment viability dropped again to reach an average mean 
viability of 28%±2.5 in 2D monolayer compared to mean viability of 81%±4.8 in 3D 
cell aggregates. The average viability values for the experiment were plotted in a bar 
chart (Figure 5.17) as well. The chart showed that the viability for 2D monolayer 
more than the drop in viability for 3D aggregates.
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Figure 5.13: Monolayer view before and after applying vinblastine at l.lp M
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Figure 5.14: Aggregate picture before and after 3hrs incubation in vinblastine at 1.1 pM
(arrows pointing to dead cells)
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Figure 5.15: Aggregate and monolayer 48 hrs post applying vinblastine at l .lp M  
(arrows pointing to dead cells)
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Figure 5.16: Viability results for vinblastine drug testing (concentration 2)
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Figure 5.17: Average results of 24 experiments made using l.lp M  on aggregates and monolayer
53.2.3 Fffect o f 0.1 IfiM vinblastine on monolayer and aggregates cell viability 
The statistical analysis done using the results obtained from concentration three 
(0.1 IpM) concluded that results for 2D and 3D aggregates were significantly 
different. Pictures taken for 2D monolayer showed that cells attached to the surface 
of the flask went under shape changes after 3hrs incubation with the drug (Figure 
5.18). The number of cells that were detached from the surface was lower than those 
measured at when treatment was done using concentrations one and two by about 
28%.
The viability of 3D aggregates decreased to a mean value of 89%±1.8 with only a 
decrease of 5% in comparison to the viability results before treatment. The number 
of dead cells compared to live cells in aggregates was counted before and after drug 
treatment using trypan blue viability stain (Figure 5.19).
The drug effect progression was also measured, observations made with pictures 
taken for 3D aggregates and monolayer (Figure 5.20), showed that the drug effect did 
not have a prolonged effect 48hrs post treatment, the viability dropped by only 2% 
compared to the viability value obtained after 3hrs incubation in drug, 2D monolayer
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flask did not show any prolonged effect for the drug with only 38% of cells detached 
from the surface.
The results for 24 single experiments for 2D monolayer and 3D aggregates before, 
after incubation and 48hrs after removal of the drug (Figure 5.21), showed a drop in 
viability for both 3D aggregates and 2D monolayer. The viability of monolayer after 
incubation of the drug the viability dropped by about 30% for 2D compared to a drop 
value around 5% for 3D aggregates. 481irs post treatment viability showed a very 
small drop which reached to an average mean viability of 63%±5 in 2D monolayer 
compared to mean viability of 87%±1.8 in 3D cell aggregates. The average viability 
values for the experiment were plotted in a bar chart (Figure 5.22) as well. The chart 
showed that the viability for 2D monolayer more than the drop in viability for 3D 
aggregates.
%  / .y  '
Figure 5.18: Monolayer view before and after applying vinblastine at O.llpM
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Figure 5.19: Aggregate picture before and after 3hrs incubation in vinblastine at O .llpM
111
Chanter Five: Pru9 study Rula Abdallat
150pm
Figure 5. 20: Aggregate and monolayer 48 hrs post applying vinblastine at O .llpM
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Figure 5.21: Viability results for vinblastine drug testing (concentration 3)
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Figure 5.22: Average results of 24 experiments made using O.llpM  on aggregates and
monolayer
5.3.2.4 Effect o f 27.5 nMvinblastine on monolayer and aggregates cell viability
Concentration four was the lowest dose used in this study. The statistical analysis 
done using the results obtained from the experiment also concluded that results for 
2D and 3D aggregates were significantly different. 2D monolayer pictures taken after 
3hrs incubation in the drug showed that only 16% of cells detached from the flask 
surface (Figure 5.23). The viability of 3D aggregates was also measured using trypan 
blue staining and was found to by only 2% compared to viability results before 
treatment (Figure 5.24).
The drug effect progression was also measured, observations made with pictures 
taken for 3D aggregates and monolayer (Figure 5.25), showed that the drug effect 
hardly had any prolonged effect 48hrs post treatment, the viability for 3D aggregates 
did not drop any further reaching a final viability of 92%±2.3. 2D monolayer flask 
also hardly showed any prolonged effect for the drug with only 2% decrease in 
viable cells compared to results obtained after incubation.
The results for 24 single experiments for 2D monolayer and 3D aggregates before, 
after incubation and 48hrs after removal of the drug (Figure 5.26), showed a very
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small drop in viability for both 3D aggregates and 2D monolayer. The viability of 2D 
monolayer after incubation of the drug the viability dropped by about 16% for 2D 
compared to a drop value around 2% for 3D aggregates. 48hrs post treatment 
viability showed a very small drop which reached to an average mean viability of 
78%±2.8 in 2D monolayer compared to mean viability of 92%±2 in 3D cell 
aggregates. The average viability values for the experiment were plotted in a bar 
chart (Figure 5.22) as well. The chart showed that the viability for 2D monolayer 
more than the drop in viability for 3D aggregates, but the drop in viability in 2D 
monolayer was very low in comparison to the rest of the concentrations used.
Figure 5. 23: Monolayer view before and after applying vinblastine at 27.5 nM
#
m
Figure 5. 24: Aggregate picture before and after 3hrs incubation in vinblastine at 27.5 nM
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Figure 5.25: Aggregate and monolayer 48 hrs post applying vinblastine at 27.5 nM
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Figure 5.26: Viability results for vinblastine drug testing (concentration 4)
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Figure 5.27: Average results of 24 experiments made using 27.5nM on aggregates and
monolayer
5.4 Discussion
The ability to build a construct that contains cells in a 3D model is a field of growing 
interest, this is due to that current in vitro studies for drug testing are non-predictive 
and unreliable; mainly because 2D models do not represent the original 3D tissue 
found in the body [5]. This was first illustrated by the breakthrough made by Bissell 
and colleagues [153], who showed that healthy human breast epithelial cells form 
tumours when cultured in 2D and grow normally when seeded in 3D. The ability to 
culture cells in a 3D environment, and pattern them to be adjacent to each other, 
allows the investigation of cell, tissue and pathology outside the original organism. 
Once formed, these built microstructures have huge benefits in high throughput 
toxicological studies.
The experimental work carried out in this study has been performed in order to 
evaluate the effect of chemotherapy drug (vinblastine) on HeLa cell aggregates 
patterned by nDEP and encapsulated in 15% PEG. Cell aggregate viability results
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obtained before, 3hrs after incubation in drug , and 48hrs post treatment and removal 
of drug were compared to results obtained from applying the same drug on HeLa 
cells cultured in 2D monolayer. The HeLa cell line was selected as it is an adherent 
cell line with a natural tendency to form aggregates. Patterning was achieved using 
nDEP using an electric field of 20Vp-p at 5kHz. Once cells were positioned at the 
centres of the dots, they were then exposed to UV light to encapsulate them in 15% 
PEG hydrogel. After cells were patterned and encapsulated, the resultant hydrogels 
were removed from the electrodes and kept in well plates containing fresh growth 
medium. It has been reported that the encapsulation process as well as patterning 
process have effects on cells [21]. In order to give the cell some time to recover from 
the strain caused from patterning and encapsulation, hydrogels containing patterned 
and encapsulated cells were left for a period of 5 days where the growth medium was 
changed every other day, whilst in the same time according to results obtained from 
chapter four the viability will be maintained to be above 90%.
Four drug concentrations were used; llpM , 1.1 pM, 0.1 IpM and 27.5nM. The values 
were picked based on previous literature studies used to study the effects of 
vinblastine on HeLa cells [17, 152]. Each drug concentration was assessed using a 
separate set of hydrogels and monolayer. On the day of experiment viability tests 
were done on cell aggregates and monolayers to report the viability prior applying 
the drug. A control set was also assessed in order to ensure that all the results 
obtained from the drug studies layed in same range. Statistical analysis carried 
showed that the control sample for monolayer and for aggregates had no significant 
difference, results obtained for drug-study samples before applying the drug for both 
monolayer and aggregates showed that all viability values were above 92% and had 
no significance difference in comparison to results obtained from the control 
samples.
Vinblastine is a drug that interferes with the cell ability to undergo mitosis. This drug 
works by binding to tubulin, which is a protein that is essential for making 
microtubules which have a main role in cell division. By binding to this protein the 
whole process of making microtubules is inhibited and the cells will not be able to 
divide causing mitotic arrest which results in multinucleated cells that leads to cell 
death [42]. Timings were important in this experiment as the doubling time for HeLa 
cells is between 20-24 hrs, and so it was important to add the drug after 24hrs exactly
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in order to make sure that the cells would undergo mitosis. The assumption made 
was that the results obtained from aggregates should be different from those obtained 
from monolayer. This is because the behaviour of aggregates tends to be more 
resistant to drugs than monolayer cells, mainly because of mass transfer properties 
difference between cells in 2D and 3D, as well as the difference in surface properties 
[8, 9,154].
Looking at the results obtained when using a drug concentration of llpM , the 
expectation was to see a huge drop in viability as the drug concentration was high. 
Results came as expected, monolayer viability dropped by an average of 62% after 
3hrs incubation in the drug compared to an average of 13% for aggregates. As the 
drug works on inhibiting cell division; it was applied at the time where cells enter the 
M-phase, cells when they undergo death or division would have a deformation on the 
morphology and so the cells that would look dead might be in their interphase for 
division. In order to make sure that the results obtained include dead cells only, 
another study made 48hrs post treatment to assess viability again. For concentration 
one it was noticed that monolayer viability dropped again to reach an average of 
18%±2.5 compared to an initial viability of 98%, while for aggregates the viability 
dropped by and average of 26% based on the initial viability.
Results for viability when treating cells with concentration two (1.1 pM) showed a 
similar drop when comparing concentration one and two after incubating aggregates 
with the drug, however, the monolayer viability showed less decrease than those 
obtained from concentration one by about 13%. For results obtained 48hrs post 
treatment the difference between monolayer and aggregates was 10% more than 
those obtained at the same time for aggregates and monolayers treated with the 
highest concentration. Concentration three and four were done by dissolving
O.lpg/ml and 0.025 pg/ml of the drug respectively. These two concentrations showed 
a very small decrease in both aggregates viabilities after incubation with the drug 
with mean values of 88% and 92% respectively. However for monolayer values 
showed a mean decrease by 35% and 15% respectively. Viability tests performed 
48hrs post treatment also showed no significant difference to that obtained from after 
3hrs incubation with average viability values for of 92% and 78% for aggregates and 
monolayer respectively.
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A way of measuring the effect of a specific process in an organism caused by 
changing the exposure levels is done mainly by plotting the Dose-response 
relationship from the results obtained by experiments. Studying this relationship 
helps in determining effective, safe or hazardous dosages of drugs. A very important 
factor that can be determine is the half maximal inhihitory concentration (IC50) 
which measure the amount or the dose of drug that is able to inhibit a specific 
biological process (in this case cells division leading to cell death). Figures 5.28 and 
5.29 below used the results obtained in chapter five to obtain the IC50 scale for 
monolayers and aggregates after 3hrs incubation and 48hrs post treatment with 
vinblastine respectively. It was hard to determine IC50 for cell aggregates as all drug 
concentrations used were not able to kill 50% of cells. This agrees with previous 
literature indicating that cells aggregates showed that they were more resistant to 
drug when compared to 2D. Resistance of cell spheroids to therapy was reported 
previously when cells were exposed to radiation or drug treatments [154, 155].
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Figure 5. 28: HeLa drug response curve for monolayer and aggregates after 3hrs incubation in
vinblastine
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Figure 5. 29: HeLa drug response curve for monolayer and aggregates post 48hrs treatment
with vinblastine
Overall, it was noted that the results obtained from monolayers and aggregates were 
widely apart that the statistical tests made on all concentration at all time point 
rejected the hypothesis and came out with a (p<0.05) of being significantly different. 
Compared to constructing aggregates formed spontaneously or by culturing them on 
treated surfaces, our system represents a structure more like the original tissue in 
terms of having a polymer surrounding cells, which serves as a barrier that can 
represent blood (growth medium with dissolved drug) and extracellular matrix 
(hydrogel). The difference between 2D results and aggregates results can be 
explained due to the fact that the diffusion rate, based on Pick’s law, the rate of 
diffusion is controlled by the distance that the drug needs to cross, a theoretical 
model developed by Peppas and Rienhart [156-158] also showed that the diffusion 
coefficient for non-porous highly swollen membrane depends on many factors such 
as the radius of the solute, molecular weight of polymer, degree of swelling. The 
difference in results can be also explained due to the penetration barriers which can 
be found in aggregates because of their packing thickness compared to only one layer 
of cells found in the 2D part [159]. All that should have an effect on the results 
obtained from patterned and encapsulated aggregates from those cultured in 
monolayer that don’t have these parameters involved.
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5.5 Concluding remarks
This chapter examined the effect of vinblastine, a commonly used chemotherapy 
drug, on HeLa cells cultured in 2D and in aggregates. The idea was to investigate 
whether the currently used drug studies, which depend on 2D presentation of cells, 
are less effective and would give different values for drug efficacy than results 
obtained when cells are presented in a way that mimics the original tissue. This is 
because monolayer methods do not highlight the mechanism of drug at the level of 
the whole tissue. The optimised system presented in the previous Chapters was used 
to prove its ability to be used in drug testing application; the system contained 
patterned cells encapsulated in PEG hydrogel. Results showed that the drug seemed 
less effective in aggregates than that in monolayer. The optimised system served as a 
structure near like the original tissue, since the currently used culture methods lack 
the representation of the real tissue [160-162].
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6.1 Summary
Dielectrophoresis (DEP) is the phenomenon of motion of particles (e.g. cells), when 
subjected to a non-uniform electric field gradient. The electric field will create a 
separation of charges; the interaction between the electric field, medium charges and 
particles charges will result in a net force that acts either in the direction of the 
electric field gradient, or away from it. This causes attraction or repulsion of the 
particles towards the electrodes or away from them. The net force direction is related 
to the properties of particles and the suspending medium, as well as the magnitude 
and the frequency of the electric field. If particles are attracted to areas of high 
electric field gradient, then positive dielectrophoresis occurs, while negative 
dielectrophoresis happens when particles are repelled from areas of high electric field 
gradient. This phenomenon allows the investigation of dielectric properties of 
different particles and cell types, allowed the separation of particles in homogenous 
and non-homogenous mixtures.
DEP has also been used in cell patterning where cells are manipulated to certain 
position which can be used in cell-based assays; however, the DEP force is 
temporary and will disappear once the electric field is removed, so it is important to 
immobilise the cells to maintain them patterned in their desired place; this has been 
done mainly by crosslinking agents [30], adhesive proteins [31] or trapping cells in 
constructs made from biomaterials (i.e. PEG-wells) [14]. Hydrogels are types of 
biomaterials that have been widely used in tissue engineering applications due to 
their biocompatibility, ease of manufacturing methods and wide range of 
constituents. They have been used as scaffolds as they mimic to a certain extent the 
extracellular matrix found in the original tissue. The ability to use hydrogels and 
DEP to create 3D microenvironment of cells have been investigated before but very 
few successful outcomes have been reported [32, 71]. Researchers have suggested 
approaches in previous literature that showed some positive results, but at the same 
time faced by many obstacles such as not supporting cell viability, and being unable 
to create uniformly crosslinked hydrogels. This result in increasing exposure time to 
create the hydrogels and that would affect cell survival; using positive DEP was 
another issue in previous literature as it causes joule heating, which is harmful to 
cells.
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In this project we have optimised the ability to use hydrogels and DEP in tissue 
engineering and cell study applications. PEG hydrogel was chosen as it is a synthetic 
hydrogel that has proven to be biocompatible, in terms of not causing any harm for 
the cells encapsulated in it [143], and having low conductivity that allows DEP force 
to move the cells [71]. nDEP using dot electrodes was used, as electric fields cause 
joule heating and so by pushing cells away from the electric field the current induced 
heating will be reduced [21]. The conditions for using PEG hydrogels and nDEP 
were optimised here mainly by investigating three parameters; water content 
percentage in a range of PEG solutions, nDEP efficiency when yeast cells were 
suspended in different PEG solutions and the viability of the yeast cells after 
patterning and encapsulation in the hydrogel. In the range of 5 - 50% PEG solutions, 
water percentages ranged from 47.4 - 89 %, all solutions were crosslinked and easily 
peeled except for the 5% and 10%, which were crosslinked but were fragile. Yeast 
patterning by nDEP (using a special set of dot electrodes), was efficient and possible 
in PEG ranged from 5-20%. Viability assessment of yeast cells was performed on 
15% PEG, which was found to be the most appropriate in term of water content and 
DEP efficiency based on the results obtained in chapter three, it was demonstrated 
that yeast cells remained viable after patterning and encapsulation. As a final output 
for Chapter 3, it was concluded that it was possible to pattern specific cell type (i.e. 
yeast) by nDEP using dot electrodes within 15% PEG hydrogels.
The optimal conditions for DEP cell patterning and hydrogel encapsulation for tissue 
engineering found in Chapter 3 were then used to test whether it is applicable to 
mammalian cells. 15% PEG which seemed to be the most appropriate in term of 
water content and DEP efficiency based on the results from chapter three was used to 
encapsulate K562 and HeLa cells after patterning them using nDEP. It also included 
the design and manufacturing of a UV radiating box that allowed performing the 
patterning and encapsulation procedure in a more sterile environment that is needed 
when dealing with mammalian cells. The new UV box was able to produce 
uniformly crosslinked hydrogels, whilst its light weight, small size, ability to be 
sterilised (by spraying the outer surface with ethanol while the inner cavity can be 
sterilised by turning on the UV light for few minutes) were also highly desirable. 
Results obtained showed that the designed UV box enabled the user to perform 
patterning and encapsulation in easy, sterile and comfortable manner, the results
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confirmed the ability to use nDEP with the proposed hydrogel, as viability results 
showed a maintained cell survival and enabling cell interactions which confirms the 
inertness of optimised conditions. The obtained information allowed the use of the 
optimised system in cells based studies; this was done by studying the effect of 
vinblastine, a commonly used chemotherapy drug, on HeLa cells cultured in 2D and 
in aggregates. The aim was to investigate whether the current used drug studies 
(which depends on 2D presentation of cells) are less accurate and would give 
different values for drug efficacy than results obtained when cells are presented in a 
way that mimics the original tissue, this is due to that monolayer methods do not 
highlight the mechanism of drug on the level of the whole tissue. The optimised 
system presented in the previous Chapters was used to prove its ability to be use in 
drug testing application; the system contained patterned cells encapsulated in PEG 
hydrogel. Results showed that the drug seemed less effective in aggregates than that 
in monolayer. The optimised system served as a structure near like the original 
tissue, since the currently used 3D culture methods lack the representation of the real 
tissue.
Overall, an optimisation study has been presented to use repulsive dielectrophoretic 
forces combined with PEG-DA polymer solution for cell patterning and 
encapsulation. The optimisation study was performed in order to pick the most 
compatible physical, chemical and electrical conditions. 15% PEG-DA polymer 
solution was used to suspend different types of cells (yeast, K562 and HeLa), using a 
repulsive DEP force, cells were patterned using a novel set of dot electrodes where 
cells formed aggregates at centre of the dots. Viability assessment showed that the 
presented system was able to maintain a high viability; the proposed system allowed 
forming uniformly crosslinked hydrogels using a UV-irradiating DEP box that 
allowed performing DEP experiments and crosslinking in a more sterile 
environment, it was also used to study cell behaviour in a drug study and showed to 
be able to see the response of cell aggregates created by nDEP and immobilized in 
PEG hydrogels in comparison to cells in monolayers.
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6.2 Future Work
As future work that can be carried out from this thesis, the following ideas could be 
done:
• Further investigation
Another study investigating the effect of vinblastine on HeLa cells for a duration of 
one week, so that viability is measured on daily basis, so that the progression of the 
drug effect is observed. Moreover, it would be worthwhile looking at cell-cell 
interactions and cell proliferation using biological assays (e.g. alamar-blue assay) 
and not only depending on microscopic observations.
Further drug testing could be done on other tumour cells lines such as glioma and 
thyroid cancer cells using different types of drugs (e.g. vincristine, 5-fluorouracil). It 
is also worth patterning and encapsulating different types of cells such as epithelial 
cells, connective tissue cells or neural cells and test whether the trends of drug effects 
for 2D versus 3D show the same behaviour or not. The hydrogel with cells patterned 
and encapsulated within was easily removed from the electrode and so it can be used 
on a microarray (spotter), so that the drug is delivered directly into cell aggregates 
and the effect can be observed automatically using for instance changes in 
fluorescence.
• Strategies for co-patteming
Using the same optimised protocol presented in this thesis, co-patteming for two cell 
types could be done; in which one of cell types would undergo pDEP while the other 
is affected by nDEP. This requires finding two cell types that their DEP spectra show 
that at the same frequency one will experience attraction forces while the other faces 
repulsion forces, this can be used for more targeted dmg treatment therapies. Another 
idea considering heterogeneous cell patterning is to pattern different cells types 
where all of them experience nDEP. This can be done by patterning the first cell 
types then introducing the second type of cells by very slow flow rate that will not 
destroy the aggregate of the first type and so on. This will enable looking into 
stmctures that are built in a way that represent tissue stmctures.
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• Mass transfer optimisation
Copolymérisation for 15% PEG with other material in a way that will allow forming 
larger pore sizes which enables larger molecules to diffuse and support cell functions 
and interactions. It is also worth looking into co-polymerisation of 15%PEG with 
other polymer that would allow degrading the hydrogels and keeping cells aggregates 
to do further testing on them (e.g. chitosan). Also a detailed look into the diffusion of 
vinblastine in PEG hydrogels can be done as some previous work looked into the 
diffusivity and the distribution of vinblastine in 3D tumour tissue using mathematical 
modelling [163].
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Appendix (A)
nDEP efficiency in patternins veast cells suspended in different PEG solutions 
The pictures displayed in this part represent dots containing yeast cells 
undergoing nDEP in water and in different PEG concentrations at 0,30,60,90,120 
and 180s.
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Appendix (B)
1. Front section showing dimensions of all parts
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2. Top part
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3. Bottom, back and sides parts
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4. Front part
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5. Divider
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6. Door
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1. UV handle all parts
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8. Sample Stage
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9. Cover for lens hole
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10. Extension part to hold the UV handle
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11. UV handle
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12. Rail (1)
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13. Rail (2)
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